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ABSTRACT 
A series of ultrafiltration (UF) membranes based on the hydrophobic polyvinylidene 
fluoride (PVDF) and hydrophilic polyethersulfone (PES) containing new nanofillers 
based on graphene oxide (GO) were fabricated and their performance assessed against 
both organic dye and metal ion rejection. The incorporated nanofillers were GO 
nanosheets coated with hyperbranched polyethyleneimine (HPEI, HPEI@GO) in the 
first instance and its composite with silver nanoparticles (AgNPs, AgNPs/HPEI@GO). 
Different weight concentrations (wt%) of these modifiers were incorporated into PES or 
PVDF polymers matrix followed by fabrication of composite membranes through phase 
inversion method. The prepared materials, i.e. GO nanosheets, the various GO 
composite and the fabricated membranes were characterised using various 
physicochemical techniques such as Fourier Transform Infrared (FTIR), Transmission 
Electron Microscope (TEM), Scanning Electron Microscopy with Energy Dispersive 
Spectroscopy (SEM-EDS) Thermal Gravimetric Analysis (TGA), Braunuer Emmet Teller 
(BET), X-ray diffraction (XRD), Raman, Atomic Force Microscopy (AFM), water uptake, 
contact angle (CA) as well as membranes performance through pure water flux, flux 
recovery and rejection capacities. 
Raman spectroscopy was primarily used to confirm the nature of GO while FTIR was 
utilised to confirm the presence of the HPEI polymer deposited on GO nanosheets. For 
instance, the coating of the HPEI on the surface of GO nanosheets via grafting of HPEI 
on the surface of GO nanosheets was confirmed by the presence of the CN groups and 
cationic NH groups on the vibration pattern of HPEI@GO composite. On the other hand, 
the SEM-EDs analyses revealed the elemental composition of the synthesised GO 
nanosheets and GO composite to be Carbon, Oxygen, Nitrogen, and Silver affirming the 
FTIR results. 
The pure water flux of the unmodified PES membranes was improved from 35±0.52 
L/m2h to the range of 77±0.92 to120±1.44 L/m2h (which is 114% to 243%) for the series 
of GO@PES membranes compared to the baseline membranes. Thus, in the series of 
HPEI/GO@PES containing membranes, the flux improved to the range of 55±0.82 to 
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89±1.33 L/m2h (which is 57% to 171% increase) and the series of 
AgNPs/HPEI/GO@PES membranes were improved to the range of 40±0.60 to 50±0.75 
L/m2h (which is 14% to 66% increase). This observed improve could be attributed to the 
incorporated charge and oxygen functionalities. The Flux recovery ratio (FRR) of the 
synthesised membranes were also improved from 45% for the unmodified PES 
membranes to the range of 80% to 93% for the series of GO@PES membranes, 74% to 
78% for the series of HPEI/GO@PES and 74% to 75% for the series of 
AgNPs/HPEI/GO@PES membranes due to less attachment of the bovine serum 
albumin (BSA) solution on the membranes surface and pores. The fouling propensity of 
PES membranes was further evaluated using organic pollutants such as MO, MB, AR, 
CR, and BPA after a prolong filtration and washing. The FRR of the unmodified PES 
membranes was 42%. This was improved to the range of 80% to 92% for the series of 
GO@PES membranes, 76% to 78% for the series of HPEI/GO@PES membranes and 
71% to 73% for the series of AgNPs/HPEI/GO@PES membranes due to less 
attachment of dye molecules on the membranes surface and pores, indicating that the 
modified PES membranes had improved antifouling properties. The cleaned 
membranes were further subjected to SEM-EDS surface morphology and elemental 
composition analysis to ascertain the degree of foulants attachment on the membrane’s 
surfaces i.e. a post-mortem of the membranes was undertaken. This confirmed that the 
unmodified PES membranes were more fouled. The observed improvement in the 
antifouling properties of the modified membranes could be attributed to the presence of 
hydrophilic functionalities from the incorporated nanofillers. 
The series of the positively charged HPEI/GO@PES membranes at pH 6.8 and 8.0 
showed a progressive increase in rejection capacity with increase in weight 
concentration of the GO composite in the PES matrix. At pH 6.8, the rejection capacity 
was enhanced from 90% to 95% for Pb2+, 77% to 85% of Cr6+ and 69% to 81% of Cd2+ 
which were higher compared to the rejection capacity of the unmodified PES 
membranes. Similar trend in rejection pattern was observed at pH 8.0 for the same 
series of membranes. For the series of GO@PES, and AgNPs/HPEI/GO@PES 
membranes, the ability of these membranes to reject these metal ions at pH 6.0, 6.8, 
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and 8.0 declines as the weight concentration of the GO nanosheets and GO composite 
increased in the PES matrix. This could be due to increased membranes micropores 
and macro-voids (SEM images). 
The positively charged PES membranes displayed high removal capacity of above 90% 
for small positively charged methylene blue dye and less rejection capacity of 73% and 
less for a bigger negatively charged amaranth dye. The difference in the rejection 
capacity of the synthesised membranes could be attributed to the chemical nature of the 
membranes surface in contact with the pollutants, molecular weight cut off of the 
membranes films as well as the surface charge of the pollutants to be rejected. As a 
result to which the positively charged membranes had high removal efficiency for the 
methylene blue dye. 
A similarly improve in rejection pattern of pollutants were also observed for the 
graphene-based nanomaterials modified PVDF membranes. The observed significant 
improvement in the modified membranes can be attributed to the presence of 
oxygenated and charged functionalities on the surfaces of the synthesised graphene-
based nanofillers compared to unmodified membranes. 
This study, therefore demonstrated that with careful selection of filler materials, both 
hydrophilic and hydrophobic membranes performance could be improved tremendously.  
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CHAPTER 1:  
INTRODUCTION 
 
 
1.1 Background 
The world population is increasing at a high rate leading to global climate changes 
because of amplified human activities. Consequently, this has led to an increasingly 
higher demand for clean water and this is becoming one of the greatest significant 
environmental challenge facing humanity in our world today[1]. Water resources include 
natural freshwater which comprises of streams, brooks, ponds, and river lakes. These 
natural freshwater resources can provide a good supply of clean water for drinking, 
domestic and industrial use[2]. In most cases, these kinds of water resources do not 
require any form of water treatment processes, or rather minimal water treatment 
processes. The second category includes water resources that are not readily available 
for direct use. This is because of their complex water treatment requirements. These 
water resources include polluted water, seawater, brackish water and wastewater. 
Unfortunately, about 98% the available water resources fall into this category[2]. As a 
result, the latter requires robust water treatment methods and wastewater purification 
has become a global priority. 
The main causes of pollutant contamination in freshwater resources include inadequate 
wastewater treatment methods, improper discarding of industrial effluent, industrial 
manufacturing processes, agricultural field runoff, and oil spillage. Industrial activities 
include paper, textiles, dye, paint, and pharmaceutical manufacturing effluents. These 
sources of water pollution are known to contaminate water resources by releasing 
organic dyes, endocrine disrupters and heavy metals ions that can be mutagenic, 
carcinogenic and non-biodegradable(heavy metals) into the water bodies[1], [2]. This 
kind of contaminants have been shown to be harmful to human life, health and 
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environment and could result in death in some cases[1], [3]–[5]. Wastewater 
contaminants removal or wastewater purification is currently being mitigated using the 
following methods[1], [6], [7]; 
i. Water remediation utilised to restore polluted water 
ii. Water reclamation utilised to recycle wastewater 
iii. Water desalination commonly used to purify seawater and brackish water. 
Inorganic salts water contaminants such as Pb2+, Cd2+ and Cr6+, organic dyes water 
contaminants such as MB, AR and CR, common human pathogens and biofilms forming 
bacteria such as E coli, K pneumonia, and S  aureus or their combination in wastewater 
require highly efficient technologies to meet up with the ever-increasing urgent demand 
for clean water resources[8]–[12].  
Most water conventional treatment processes require sophisticated equipment that 
becomes expensive to operate high energy and capital investment and require a lot of 
space as seen when using flocculation base and activated sludge for wastewater 
treatment. For example, electrodialysis requires heat and electricity which is expensive. 
Furthermore, some processing conditions such as a combination of coagulation and 
sedimentation require a large number of chemicals that may result in higher costs and 
poisonous by-products. Consequently, this could lead to secondary pollution, therefore 
making water treatment more complicated and require more resources to further treat 
the wastewater[13], [14]. Therefore, the need for the development of economically 
viable and low energy consuming techniques for sustainable wastewater treatment is of 
paramount importance. Water treatment technologies that meet this criterion include 
membranes technologies such as microfiltration (MF), ultrafiltration (UF), nanofiltration 
(NF), and forward osmosis (FO)[14]–[17]. These technologies have been recognised as 
efficient water treatment technologies for wastewater treatment and water reclamation 
processes. They effectively remove organic and inorganic contaminants from 
wastewater and require much less operational space and a smaller amount of 
chemicals. They can also be run on the continuous and automatic operation, and are 
easier to operate. These qualities have attracted intense research attention towards 
reducing the energy consumption during wastewater treatment processes and 
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membranes fouling as these are the main drawback of their application in developing 
countries like South Africa. More so, a combination of different membranes treatment 
process such as UF-RO, UF/RO/ED has recently been developed for sustainable 
purification of seawater and industrial wastewater to mitigate membranes fouling 
challenges[18], [19]. 
Membranes fouling has remained a major concern that has restricted the optimum 
application of membranes technology in wastewater treatment in developing countries. 
It has also been demonstrated that fouling limits the efficiency of membranes 
technology by significantly reducing water permeation due to pore blockage for porous 
membranes films (MF, UF, NF) resulting to constant addition or demand of extra 
membranes films. Consequently, this leads to the deterioration of membranes films, 
thus increasing repairing costs and requirements. Membranes fouling is a common 
challenge with the optimal application of membranes technology as a result of direct 
contact of various kinds of foulants in the raw water with membranes surfaces during 
treatment processes[20]. The treated raw water includes industrial wastewater and 
effluents, sea and brackish water desalination and municipal wastewater. Membranes 
fouling is caused by the adsorption of foulants on membranes surfaces that result in the 
formation of a cake layer for inorganic foulants. Biofouling results in the formation of a 
biological film as a result of bacterial or fungal growth on the surface of the membrane. 
For the porous membranes, the adsorption of organic and inorganic foulants on 
membranes pores and walls usually cause pore blockages, thus reducing water 
permeability of the membranes. Reduced water permeability increases the costs of 
using the membranes as more energy need to be applied in order to pass more water 
molecules through the matrix of the membrane. In some cases, the replacement of the 
membranes becomes a better option, thus increasing overall maintenance costs of the 
membranes treatment plant. Therefore, membranes fouling leads to permanent flux 
debility and shorter life span of membranes film, making this technology more costly, 
and impractical to implement in developing economies[20], [21]. 
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Numerous techniques have been developed and applied to solve that challenge of 
membranes fouling. These techniques include the pre-treatment of feedwater, 
optimisation of operational conditions, membranes backwash and chemical cleaning, 
and the development of antifouling membranes through their modification[22]. The pre-
treatment of feedwater normally require additional operation equipment such as air 
floatation tanks, flocculation basins and activated sludge[22]. This additional equipment 
normally increases operational costs because they consume more energy and require 
more space. The optimisation of operational conditions has been shown to alleviate 
membranes fouling to a certain extent, but cannot fully eradicate the membranes fouling 
challenge[23]. Membranes cleaning has also been used as an alternative to restore 
fouled membranes, either through chemical cleaning or backwashing. However, this 
kind of approach can only remove a small portion of the foulants. The utilisation of harsh 
chemicals to clean membranes fouling has resulted in the degradation of the 
membranes, which eventually require replacement before its full potential lifespan of 5 
to 7 years. Therefore, the development of antifouling membranes has become the main 
focus of research for numerous scientists and engineers as it promises better results 
when compared to the traditional methods of membranes fouling eradication. In an 
attempt to solve membranes fouling challenges, most researchers have invested their 
efforts on better understanding the different aspects and behaviour of membranes 
fouling. This includes understanding the different cause of membranes surface-fouling 
such as surface roughness of membranes films and behaviour of fouling mechanisms 
such as the formation and growth of biofilm. Consequently, the different antifouling 
approaches against different varieties of foulants have been developed. The most 
common approach used for minimising membranes fouling most recently is the 
modification of membranes surfaces by hydrophilic modifiers that could lead to 
improved membranes fouling resistance. Fouling resistant surfaces can be achieved 
through various methods of modification such as surface coating, grafting, and 
blending[1], [22]–[25]. 
Foulants that are most used as model foulants in studying membranes fouling 
processes include bovine serum albumin (BSA), humic acid (HA), sodium alginate (SA), 
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oil and bacteria[20], [21]. The fouling mechanisms of such foulants are closely related to 
the physicochemical and biological properties of foulants found in real water 
samples[23]. Chemical, physical and topological modified membranes have been 
developed by researchers through the incorporation of different types of antifouling 
material such as hydrophilic graphene oxide (GO), hyperbranched polyethyleneimine 
(HPEI), Polyvinylpyrrolidone (PVP). In order to confer antifouling properties onto the 
structure of the polymeric membrane by improving membrane’s surface property and 
water flux[26], [27]. This is because introducing a single antifouling property into 
membranes only deal with a limited range of foulants. Therefore, incorporating multiple 
antifouling modifiers could potentially eliminate a larger range of foulants from the 
surface of the membranes by improving the membranes water flux and consequently 
decreases the attachment of micropollutants on the membranes surface and micropores 
during wastewater treatment [26], [27]. On the other hand, bio-foulants make 
membranes fouling more challenging since membranes modifications meant to reduce 
biofouling are limited. Hence, in order to target bio-foulants, modifiers that possess 
antimicrobial properties such as AgNPs, GO and HPEI have been imparted on 
membranes surfaces by various researchers[28], [29]. Combining modifiers that can 
possess both antifouling and antimicrobial properties to impart onto membranes 
surfaces could be one of the most effective approaches to counter and improve 
membranes biofouling challenges. 
1.2 Justification of the study 
Polyethersulfone (PES) and Polyvinylidene fluoride (PVDF) are some of the readily 
available polymers that are commonly used for the preparation of commercial and 
laboratory UF and NF membranes. This is because of its inherent physicochemical 
properties such as high mechanical strength, chemical resistance, and durability[30]. 
PES and PVDF polymers are commonly utilised to fabricate porous asymmetric 
membranes through the phase inversion method. It is also relatively hydrophobic which 
could result into severe membranes fouling, permeate flux decline, reduced life-span of 
the membranes films and declined the general application of membranes film over 
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time[30]–[33]. As a way to correct membranes fouling, several approaches such as 
blending PES and PVDF polymer with hydrophilic materials, grafting, and surface 
coating with hydrophilic nanoparticles have been employed[32], [34]. The blending of 
inorganic hydrophilic nanoparticles and hydrophilic polymers into the base membrane’s 
matrices has also been utilised in order to reduce membranes fouling in membranes. 
The surface morphology of membranes blended with hydrophilic GO becomes smother, 
resulting in a decrease foulants entrapment on the surface of the membrane. This 
phenomenon has also been attributed to the influence of hydrophilic surfaces that allow 
more water molecules to permeate through the membranes matrices and by changing 
the cross-sectional morphology of the membranes[35]. Changing the cross-sectional 
morphology of the membranes increases water permeation ability, this is because 
membranes micropores increase with the incorporation of hydrophilic materials into the 
base polymer matrices. 
The inherent hydrophobic properties of the base polymer can be influenced significantly 
by the incorporation of hydrophilic nanomaterials and polymer such as GO, PVP, Ag, 
and HPEI. For example, the GO can influence membranes fouling and water 
permeability because of the presence of oxygenated hydrophilic functional groups found 
on the basal plane and edges of GO nanosheets. These functional groups such as 
C=O, C-O, CH3, NH groups can reduce the inherited surface roughness of polymers 
such as PES and PVDF, impact the surface chemistry of membranes including its 
surface charge. This impacts the performance of the chemistry of membranes towards 
membranes surface fouling behaviour, pure water permeability and selectivity[35],[36]. 
By reducing the inherent roughness of the PES and PVDF polymeric membranes can 
significantly improve water permeability and pollutants attachment to membranes 
surface is alleviated since the increase in pure water permeability increases the 
antifouling properties of membranes. This can also improve the physicochemical 
properties of the membranes such as mechanical strength[36]. Moreover, the 
incorporation of the GO nanosheets into the base polymer matrix can greatly improve 
the membranes fouling resistance behaviour of the resultant membranes[35]. Studies 
have demonstrated that nano-porous GO nanosheets that have been used for selective 
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separation of various gases, metal ions, dyes and salts show great promise. Recently, 
GO nanosheets have been used for the top coating of NF, RO and UF membranes in 
order to improve membranes performance towards selectivity, permeability and fouling 
properties[37]–[41]. It has also been shown that the oxygenated functional groups on 
the GO nanosheets make it easier for the modification of GO nanoparticle through 
chemical bonding such as covalent bonding and also allow its modification in 
membranes processes[42]–[45]. 
Polyethyleneimine (PEI) is a polycationic polymer and possesses metal chelating 
properties[46]. PEI is a synthetic polymer prepared from aziridine through cationic 
polymerisation. The cationic polymerisation is done through a structural composition of 
primary, secondary, and tertiary amino groups through chain transfer reactions. The 
amino groups on the PEI molecular chain are in the ratio of 1:2:1. This means that 25% 
consists of primary amines, 50% are secondary amines, and 25% are tertiary amines. 
The amines are highly basic and positively charged, and this polymer has been 
extensively utilised as a vehicle for non-viral gene delivery and therapy[47]. 
Furthermore, this PEI polymer is well known to possess microbicidal properties. This is 
because it has permeabilising effects that can disrupt bacterial cell membranes and can 
prevent nanomaterial aggregation[48], [49]. Furthermore, PEI has been applied 
extensively to the retention of toxic heavy metals such as Pb2+, Cd2+, and Cr6+ etc. 
because of its effectiveness on metal ion adsorption[50]. The amino groups of the PEI 
polymer are chemically active and they can serve as reactive sites for the attachment of 
functional groups such as the C=O, C-O groups that can further be used to attach 
nanomaterials. This is possible due to their strongly charged amine interactions[50], 
[51]. 
Silver nanoparticles (AgNPs) have also attracted attention to numerous researchers 
because of their strong antibacterial properties as they are capable of disrupting 
bacterial cell walls[52], [53]. We then hypothesized that the introduction of HPEI and 
decorated AgNPs (AgNPs/HPEI@GO composite) introduced into the PES and PVDF 
polymer matrix would improve the microbicidal and antifouling properties of the modified  
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The mechanisms of micro-pollutant rejection for UF, FO, and NF process are based on 
size and Donnan exclusion mechanism. For example, membranes synthesised through 
the interfacial polymerisation process known as polyamide thin film composite (RO, NF) 
membranes that are negatively charged can effectively reject dissolved anionic 
pollutants. However, these negatively charged membranes are normally less effective in 
rejecting cationic pollutants. Based on this observation, membranes with positively 
charged surfaces are hypothesized to effectively remove dissolved cationic pollutants 
from water. For example, a novel NF membranes prepared by the co-deposition of 
polydopamine and PEI, followed by glutaraldehyde crosslinking, was found to be 
positively charged with 92% rejection capacity for Pb2+. But, it was found to have a low 
rejection capacity ranging between 40% and 60% for monovalent ions such as Na+[54]. 
Feng et al.[55] Also showed a similar trend of activated carbon in PSf/PEI/Ag symmetric 
membranes for the removal of heavy metal ions. In this study, it was concluded that 
incorporating AgNPs onto PSF/PEI membranes improved the rejection capability of the 
membranes to remove heavy metals ions and its antibacterial properties[56]. 
1.3 Problem statement and hypothesis 
Fouling propensity is one of the limitations to the widespread application and 
implementation of membranes technology globally. However, the integration of the 
highly hydrophilic GO and cationic HPEI onto PES and PVDF membranes could lead to 
improved organic fouling resistance, water permeability and rejection capacity of 
dissolved micropollutants from wastewater. Furthermore, incorporation of the GO 
composite with silver nanoparticles (AgNPs/HPEI@GO) into PES and PVDF base 
polymer could lead to the inactivation of viable coliforms present in water, thus 
improving biofouling resistance of the modified membranes. 
1.4 Aim and objectives 
The aim of this study was to fabricate a positively charged membranes using 
polyethersulfone or polyvinylidene fluoride base polymers incorporated graphene oxide 
(GO), hyperbranched polyethyleneimine coated graphene oxide (HPEI@GO), and 
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hyperbranched polyethyleneimine coated graphene oxide dope silver nanoparticles 
(AgNPs/HPEI@GO). 
The aim was achieved through the following objectives; 
 The preparation and characterisation of graphene oxide nanosheets. 
 The coating of the positively charged HPEI on the synthesised graphene oxide 
nanosheets resulting in HPEI@GO nanocomposite. 
 The incorporation of silver nanoparticles onto the surfaces of HPEI/GO composite, 
thereby synthesising AgNPs/HPEI@GO nanocomposite 
 Characterisation of the synthesised GO nanosheets, HPEI@GO and 
AgNPs/HPEI@GO nanocomposite using Raman, FTIR, SEM, EDX, XRD, BET, 
TGA, and TEM. 
 Assess the bactericidal properties of the synthesised GO nanosheets and GO 
composite using E. coli, K. pneumonia, and S. aureus as model bacteria. 
 The incorporation of graphene-based nanocomposite (GO, HPEI@GO and 
AgNPs/HPEI@GO) into PES and PVDF polymers through phase inversion process 
to synthesise modified mixed matrix UF PES and PVDF membranes. 
 The characterisation of the prepared membranes through SEM, EDX and AFM. 
 Test the modified ultrafiltration membranes for the following: 
 To assess water permeability of unmodified and modified membranes. 
 Rejection of heavy metals (Cd2+, Cr6+, and Pb2+) and organic dyes (MB, CR, and 
AR) and assessing rejection capacities of the prepared membranes using ICP-
OES and UV-Vis spectrometer respectively. 
 Assess the fouling resistance of the modified membranes through flux recovery 
after using the bovine serum albumin pollutant. 
 To study water sorption capacity of membranes through water uptake analysis. 
 To study hydrophilicity properties of membranes using Contact Angle Analysis. 
  Assess the fouling resistances study of the modified membranes using five 
organic pollutants such as methyl orange, methylene blue, Congo-Red, 
amaranth and Bisphenol A through flux recovery. 
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 To inspect the membranes fouling extent through SEM-EDS analysis in order to 
assess the organic dye attachments. 
By incorporating GO nanosheets and GO nanocomposite (HPEI@GO and 
AgNPs/HPEI@GO) into PES and PVDF polymeric membranes, antifouling membranes 
were synthesised. These antifouling modified membranes were used to remove the 
aforementioned heavy metal ions and organic dyes pollutants from simulated 
wastewater. 
1.5 Dissertation outline 
This dissertation outline gives a concise summary of what will be discussed in each 
chapter of this study and it is as follows: 
Chapter 1: Introduction 
Chapter 1 presents the research background information, justification, problem 
statement, and the aim and objectives of the research study. 
Chapter 2: Literature Review 
This chapter outlines the literature background and context of membranes design, the 
material used for the modification of membranes, and membranes fouling background. 
It also looks into the chemistry of membranes surface, the effect of membranes surface 
charge and the effects of incorporating hydrophilic GO, HPEI and Ag nanoparticles onto 
base polymeric membranes with regards to water permeability antifouling and rejection 
properties. 
Chapter 3: Experimental procedure and methodology 
This chapter gives detailed information on the experimental procedure and methodology 
adopted for this research work and the characterisation methods undertaken. This is for 
the graphene-based nanocomposite used to modify ultrafiltration PES and PVDF 
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membranes. And the characterization techniques used for the modified PES and PVDF 
membranes discussed in Chapters 4 and 5.  
Chapter 4: The effect of carboxamides in graphene-based nanocomposite 
modified PES UF membranes for the removal of Pb2+, Cd2+ and Cr6+ 
from polluted water 
This chapter outlines a detailed account on the characterisation, elemental composition, 
structural and morphological properties of the synthesised graphene-based 
nanocomposite materials, the influence of incorporating the prepared nanomaterials and 
nanocomposite onto the PES polymeric membranes with respect to its morphological 
and structural properties, water permeation, antifouling properties and rejection 
capacities of membranes. The rejection was of heavy metal ion were carried out at 
various pH conditions. (pH 6.0, 6.8, and 8.0). Herein, is also the characterisation and 
influence of the increasing HPEI concentration (by 100%) on the surface of the GO 
nanosheets to form HPEI2@GO and AgNPs/HPEI2@Go nanocomposite its 
characterisation and influence on membranes performance. This chapter also 
discussed the antibacterial study of the prepared graphene-based nanocomposite 
against E. coli, K pneumonia, and S aureus. 
Chapter 5: Graphene-based nanocomposite modified PVDF UF membranes for 
the removal of Pb2+, Cd2+, and Cr6+ from polluted water 
This chapter discusses the general performance of the modified and unmodified PVDF 
membranes with respect to water flux permeation, antifouling, and heavy metal ion 
rejection capacities. The evaluation and performance of the modified and unmodified 
PVDF membranes were carried out under the same conditions as discussed for PES 
polymer in chapter 4. 
Chapter 6: Rejections and antifouling properties of a series of PES and PVDF 
membranes using organic dyes 
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This chapter focuses modified PES and PVDF membranes with respect to the rejection 
and fouling tendency towards anionic and cationic organic dyes (AR, MO CR ) and BPA 
from polluted water using the dead-end cell filtration system. 
Chapter 7: Conclusion and recommendations 
This chapter runs through the conclusions and recommendations drawn from this 
research work from this study. 
Chapter summary 
In consideration from research reports around the globe regarding the impacts of HPEI, 
AgNPs, and GO nanosheets in wastewater treatment processes especially in 
membranes technology as stated earlier. The use of positively charged PVDF and PES 
polymers modified with GO nanosheets and GO composite (HPEI/GO and 
AgNPs/HPEI/GO) in order to remove divalent Pb2+, Cd2+, hexavalent Cr6+, cationic MB, 
anionic AR and CR from simulated wastewater. The modified PVDF and PES 
membranes were envisaged to improve the base polymers rejection ability, water 
permeability and antifouling properties.  
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CHAPTER 2:  
LITERATURE REVIEW 
 
 
2.1 Introduction 
Major sources of heavy metals polluted wastewater include degradation of the earth 
crust, discharge of poorly treated industrial effluent and leaching of effluents into the 
environment[57]. Intensified human-environmental activities such as rapid 
industrialization, and globalization, resulted in demand, need and usage of these heavy 
metals as a result of which the environmental regulations on heavy metals are 
increasingly more stringent to minimize environmental and human exposure to these 
hazardous chemicals[58]. On the other hand, dyes a major constituent of textile 
industrial effluent, capable of colouring water streams and reducing light penetration 
even at very low concentrations and by so doing present toxic effect to human life and 
cause millions of people globally shortage of clean water[59],[60] 
2.2 Effects of heavy metals and organic dyes wastewater in the human body 
and environment 
Heavy metals such as Cr6+, Cd2+, and Pb2+ are non-biodegradable and easily 
accumulate at low concentration in an aquatic organism and humans. These metals can 
also be ingested by humans through the food chain and direct intake of contaminated 
water. Heavy metals being one of the dominant pollutants of industrial wastewater could 
be present in anionic or cationic form and pose a significant threat to the ecosystem, 
human health and human life[8], [61]. Accumulation of these metals ions in the human 
body can cause serious damage to the central nervous system, kidney failure, liver and 
lungs damage[8], [61], [62] and at higher concentration in the human body can result to 
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death[8]. Similarly, dyes polluted wastewaters are difficult to treat since dye molecules 
are stable to light, oxidizing agents, and microbial degradation[63]. For this reason, 
degradation processes such as photocatalysis, chemical oxidation and biodegradation 
are found inefficient[64]. To mitigate the aforementioned limitations, development of 
conventional separation techniques such as adsorption, coagulation, flocculation and 
membranes technologies emerged[65]–[67]. Of the listed technologies, membranes 
processes are utilised as a cost-effective technology for the removal of dyes from water 
bodies[67] 
2.3 Wastewater treatment technology 
Numerous approaches were developed over the past few years for the removal of metal 
ion and dyes from wastewaters and industrial effluents. These include adsorption, 
chemical precipitation, electrodialysis and ion exchange[68]–[70]. The drawback of the 
aforementioned technologies which tends to limit their application includes generation of 
a high amount of toxic sludge and liquid waste, the high energy requirement for pre and 
post-processing and high operational cost[57], [71]. Hence there is the need for low 
energy-intensive techniques with a low operational cost for metal ions and dyes removal 
from wastewater of which membranes technology fall into this category and can 
address these problems adequately. 
2.4 Membranes technology 
Membranes technology is a cost-effective operative technology which confers unique 
advantages in wastewater desalination process over other conventional wastewater 
separation processes[72]–[74]. Membranes basically are referred to as a thin layer of 
semi-permeable material that separates substances by size when a driving force is 
applied across the membranes film, thereby permitting certain other things such as 
molecules, ions or other smaller particles to pass through the membranes micropore 
and stop others from passing through. 
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Ultrafiltration membranes are prepared through the phase inversion method. Phase 
inversion is a controlled process of polymer transformation from a liquid phase to a solid 
phase[68]. The final morphology and performance of the synthesized membranes will 
be influenced by the polymer used such as PES, PVDF polymer, the nanofillers used 
such as GO, HPEI, AgNPs or their composite (in the case of this study) and the 
membranes processing conditions such as size of the casting knife used, processing 
time of the casting solution, temperature of the casting solution. Phase inversion 
method also known as phase separation method can be achieved through any of the 
following process[75], [76]. 
i. Vapour induced phase separation 
ii. Thermally-induced phase separation 
iii. Dry phase separation 
iv. Wet phase separation 
v. Dry wet phase separation. 
Among the aforementioned technique, the Wet phase separation process was 
employed in this study using N, N-dimethylacetamide (DMAc) as a solvent. This will be 
discussed. 
2.4.1 Wet phase separation 
Wet phase separation involves the transformation of a polymeric casting solution, from 
the liquid phase to a solid-state (membranes film). The polymer coagulation takes place 
due to the fast exchange rate between the solvent in the casting solution such as DMAc 
and the non-solvent (usually water) in the coagulation bath. The liquid phase with higher 
polymer concentration coagulates resulting in the formation of the solid matrix known as 
membranes film. This transformation from liquid to solid can be achieved in several 
other ways. Among which immersion precipitation, evaporation induced phase 
separation, vapour induced phase separation and thermally induced phase separation 
are most frequently used techniques to prepare polymeric membranes with different 
configurations[77]–[82]. Immersion precipitation process was used to synthesise the 
membranes used in this study 
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2.4.1.1 Immersion precipitation 
For immersion precipitation separation, the polymer casting solution is cast on a support 
material usually a polymer, glass or metal and transferred into a nonsolvent coagulation 
bath. During the demixing process in the coagulation bath, the fast exchange rate 
between the solvent and nonsolvent facilitate the membranes precipitation as a result of 
mass transfer and phase separation. This method is commonly used to prepare the UF 
membranes[81]. 
2.4.1.2 Thermal precipitation 
Thermal precipitation involves the cooling down of a polymer solution to attain phase 
separation. The solvent is removed by extraction, freeze-drying and evaporation 
subsequent to the induction of the demixing process. This method is commonly used in 
the preparation of MF membranes[83]. 
For the application of the synthesised membranes in wastewater treatment in terms of 
pure water flux and rejections, applied pressure known as driven force is needed. 
2.5 Membranes classification 
Membranes are generally classified according to several other factors as listed into four 
categories, namely; 
i. According to the constituents and composition of the membranes materials 
(functional groups on the base polymer) 
ii. According to the membrane's structure (cross-section morphology) 
iii. According to the preparation mechanism, and 
iv. According to the pore sizes. 
But only asymmetric and ultrafiltration membranes will be discussed as they relate to 
the kind of membranes synthesized in this study. According to the cross-sectional 
structural morphology of the analysis of the membrane, membranes are classified into 
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asymmetric and symmetric membranes. Symmetric membranes include cylindrical 
porous membranes, non-porous or dense membranes. These are membranes with 
uniform conformation throughout the cross-section. Asymmetric membranes include 
thin-film and porous membranes with a dense top layer and non-uniform cross-section 
structural conformation[87]–[89]. Membranes classification by cross-section structure is 
displayed in Figure 2.2. 
 
Figure 2.2: Membranes classification by cross section[89] 
Membranes are classified in order of pore sizes into four distinct categories as 
Microfiltration (MF), Ultrafiltration (UF), Nanofiltration (NF) and Reverse osmosis (RO). 
UF membranes a well-developed technique used for wastewater treatment which 
operates through the pore-flow system and requires lesser transmembranes pressure 
compared to NF and RO processes[90]–[93]. 
2.6 Membranes pressure 
Membranes solute separation can be achieved through the difference in pressure 
concentration of the feed stream (untreated wastewater) and permeate stream (treated 
water) stream as seen Figure 2.1 in the form of pressure, concentration or potential 
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differences. Solute separation is the separation of pressurised fluid components by a 
polymeric membrane through the openings in the membranes materials known as 
micropores. The pores of Ultrafiltration (UF) and nanofiltration (NF) are so small that 
significant pressure is required to drive the fluid through each identical model and the 
amount of pressure required varies directly with the size of the pores of the membrane. 
Membranes solute separation is a purely physical process that operates without heat 
and uses less energy. This process has been modified in recent years for the removal 
of heavy metals, bacteria, and organic pollutants from wastewater[84]–[86]. 
 
Figure 2.1: Schematic of wastewater transport mechanism through membranes[85] 
2.7 Choice of polymer 
PES and PVDF polymer were in this study as base polymers to prepare; porous 
unmodified and modified UF membranes due to their inherent physicochemical 
properties such as good mechanical and thermal stability, high chemical resistivity but 
they are relatively hydrophobic[94]–[96]. 
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2.7.1 Polyethersulfone and Polyvinylidene fluoride 
PES and PVDF are some of the most popular polymeric materials commonly used for 
fabrication of UF NF and MF membranes due to their inherent physicochemical 
properties. But the major challenge with these polymers is that they are relatively 
hydrophobic and are prone to fouling due to their high surface roughness[126], [127]. 
These polymers despite their fouling and relative hydrophobic challenges are also 
known for outstanding hydrolytic stability and high pollutants rejection capacity[126], 
[127]. Modification of PES and PVDF polymer in understanding of improving their 
hydrophilicity, antifouling propensity and rejection capacity can be achieved through 
techniques like surface coating and blending with hydrophilic nanomaterials or 
composite, physical and chemical modification, immobilization, plasma treatment and 
plasma-induced grafting, photo and thermal-induced grafting[126], [128], [129]. In this 
research study, blending hydrophilic GO and GO nanocomposite into PES and PVDF 
polymers were employed in this study and the synthesised membranes where subject to 
applications such as pure water flux analysis, flux recovery studies and rejection studies 
of Pb2+, Cd2+, and Cr6+at various pH as well as the rejection of MB, CR, and AR. 
2.8 Choice of additives 
Polyvinylpyrrolidone (PVP) was applied in this study as nanofiller organic additives to 
improve pore formation in PES and PVDF polymer matrices, due to the presence of CH3 
and C=O functional groups on its molecular chain[97], [98]. From several reports in 
membranes literature, it is shown that adding hydrophilic enhancers influences the 
surface chemistry of membranes, reduces solute adhesion on membranes surfaces and 
improves membranes flux, antifouling properties and rejection capacity[99], [100]. 
2.9 Membranes surface chemistry 
Membranes surfaces can be either positively or negatively charged depending on the 
dominant ion on the surface of the membranes or can be without surface charge. The 
charge on membranes surfaces may remove particulate or microbial contaminants of 
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the same or opposite charge due to electrostatic interaction. Membranes materials can 
also be hydrophilic which means they are water-attracting or hydrophobic meaning 
water-repelling. These are common terms used to describe how easily membranes can 
be wetted, The functional groups such as the C=O, CO, NH2, and CH3 on the surface of 
the membrane is the best way to describe in terms of what it does rather than what it 
is[101]. 
2.10 Membranes surface modification 
Membranes surface modification involves the addition of hydrophilic polymers, 
nanoparticles and nanocomposite into the base polymer matrix in order to synthesise 
better performing membranes from the base polymer material to improve its pure water 
flux, pollutants rejection capacity, and antifouling properties[102]–[107]. The process of 
formation of the modified membranes is known as polymer blend. The polymer blend is 
basically a physical process known as the cheapest, easiest and multipurpose 
techniques in improving and modifying base polymer surface chemistry [108], [109]. 
This due to the new specific functional groups added to the base polymer matrix. Due to 
thermodynamics mismatched between polymers which usually cause demixing of 
polymer to occur during polymer blend. Equilibrating modified blended casting solution 
such as PES/MMS or PVDF/MMS in air or water, the polymer with the lowermost 
surface energy together with the hydrophilic chain will concentrate at the air interface, 
reducing the interfacial tension of the system and rendering the surface of the resultant 
membranes more hydrophilic[110] as illustrated in Figure 2.3. Membranes materials 
produced from two or more materials having different physical and chemical properties 
within a finished structure is known as composite membranes[111], [112]. 
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Figure 2.3: Schematic of polymer and nanoparticle migration[110] 
2.11 Membranes fouling 
Membranes fouling could be defined as the attachment of different solute species on 
the membranes surface and micro openings during the treatment process. If the 
foulants are loosely attached to the membranes on the membrane’s surface and 
openings and can be cleaned by ordinary washing in water for a given period of time, 
the fouling mechanism is said to be reversible. But if the foulants are permanently 
attached on the membrane's surface and opening and can only be cleaned by harsh 
chemicals, the fouling mechanism is said to be irreversible[20], [113], [114]. Membranes 
fouling can be in any of the following categories[115], [114]. 
i. Inorganic fouling and concentration polarization: usually caused by the 
accumulation of metal hydroxide within the micropores or surface of the 
membrane during wastewater treatment. 
ii. Particulate fouling: usually caused by the accumulation of bacteria, algae and 
certain natural organic matter on the membrane's surface and micropores during 
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wastewater treatment. The attachment of bacteria on membranes surfaces result 
in biofilm formation. 
Fouling in membranes processes could result to cake formation on the surfaces of the 
membrane leading to external fouling and also to the deposition foulants on the walls of 
the membrane's micropores leading to internal fouling [116]–[118]. Fouling usually 
results in flux decline, membranes deterioration, increase in membranes operational 
cost and finally shorter life span of the membranes[116]. 
Biofilm is the aggregation of microorganism such as Escherichia coli (E coli), Klebsiella 
pneumonia (K pneumonia), Staphylococcus aureus (S aureus ) in which bacteria cells 
stick together on a living or non-living surface enclosed in the matrix of extracellular 
polymeric constituent produced by the bacteria themselves[119]. Biofilms are in 
existence everywhere in nature and are found in places such as wastewater treatment 
channels, bathroom, polymeric membranes materials, industrial places and labs. They 
are commonly seen on hard surfaces submerged or exposed to a wet 
environment[119], [120]. In wastewater treatment formation of biofilms on membranes, 
surfaces would also result to increase in the cost of wastewater treatment (due constant 
changing of membranes films), pore block, and shorter life span of membranes 
films[116]. Consequently, synthesizing biocides resistance graphene-based 
nanomaterials, incorporating these nanomaterials into a base polymer to directly 
inactivate the growth of the bacteria cells on membranes films and would improve the 
membrane’s antifouling properties and this was a specific objective of this research. 
Several approaches have been developed to alleviate membranes and improve the life 
span of membranes materials. This is achieved by understanding the membranes 
surface properties such as membranes surface roughness and hydrophobicity[121], 
[122]. Through this understanding, membranes fouling was suppressed by improving 
membranes hydrophilicity. The strategies employed in fouling alleviation in this study 
include: blending hydrophobic polymer such as PES and PVDF with hydrophilic 
nanomaterials and nanocomposite such as GO, HPEI@GO, and AgNPs/HPEI@GO to 
impact hydrophilic property on the membranes. In membranes literature, Addition of 
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hydrophilic and charged functional groups such as CO, CO2, and NH2 to the polymer 
casting solution increases the hydrophilicity of the synthesised membranes[123]–[125]. 
2.12 Water and salt trade-off relationship 
For many researchers, modification and application, of membranes with high rejection 
capacity and improve permeability has always been the expectancy of the researcher. It 
is then useful in every research study to develop membranes with a structural property 
relationship. It has recently been established in membranes science that 
notwithstanding the difference in polymers functional groups, solute of concern and the 
transport mechanism of the synthesised membranes. The trade-off relationship between 
salt and water of a polymer in the swollen state is that membranes rejection decreases 
with increase in water permeability and vice versa[130]–[133]. 
2.13 Ion size in aqueous solution 
The effective size of an ion in aqueous solutions is in line to its positive interactions with 
the polar water molecule. Some of the water of hydration is strongly associated with the 
ion acting up to increase its effective size of the ion in solution. This effect of increasing 
the effective size of an ion in solution is relative to the ion crystallographic which also 
depends on the extent of hydration when the ion is present in dilute aqueous solution. 
Increase in the salt concentration increases the ionic strength and decreases the 
number of water of hydration. In some cases, the ions shed its water of hydration upon 
interacting with the polymer surface in order to interact with the polymer matrix, pair or 
un-dissociates with an oppositely charged ion present on the membranes surface such 
is seen in most dielectric constant polymers and charged polymers. Un-dissociated salts 
are known to be bigger in size compared to the sizes of the individual dissociated 
unhydrated ions and could be smaller compared to the dissociated hydrated ions. 
Consequently, an un-dissociated salt may perhaps pass more easily through the 
membranes pores than the larger dissociated hydrated ions. The number of water 
molecules that hydrates an ion in solution and the affinity of those water molecules for 
the ion they hydrate is still arguably in literature[130], [134], [135]. 
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2.14 Influence of polymer charge groups on membranes performance 
Charged polymers are polymers made of functional groups such as C=O groups. These 
functional groups have a tendency to ionize when exposed to water. The degree to 
which a polymer is charged is reliant on the concentration of charged groups on the 
base polymer matrix and the tendency of the functional groups to dissociate when 
exposed to water. This degree is often expressed as the ion exchange capacity (IEC) of 
the membranes. The weight concentration of the fixed charge groups on the 
membranes film in the wet state influences the polymer salt rejection, water flux and its 
antifouling properties[136]–[138]. The molecule pKa of functional groups such as C=O 
provide substantial information on the tendency of the groups to dissociate. It has been 
recently established that functional groups with more positive pKa values resist 
deprotonating. The functional groups with less positive pKa values dissociate more 
rapidly when exposed to water[139]–[141]. 
2.15 Effect of pH on membranes desalination 
The pH of natural water regularly falls within the range of pH 5.5 to pH 8.0 and 
membranes desalination are generally categorized at pH ranging from 6.5 to 8.0, This is 
because at this condition, the carboxylate acid and sulfonic acid functional groups will 
dissociate, the hydroxyl groups will remain un-dissociated and the amine functionality 
will remain un-protonated[139]–[141]. The introduction of dissociating functionalities in 
the PES and PVDF polymer matrix, the IEC of the membranes increases and the 
polymer tends to become more charged[137], [141], [142]. 
2.16 Addition of charge groups to PES and PVDF polymer matrix 
Addition of charged functionalities such as cationic NH groups to relatively hydrophobic 
polymers such as PES and PVDF improves the ion exchange capacity (IEC) capacity, 
water sorption, and the hydrophilic of the charged membranes but reduces the rejection 
capacity of the membranes since. Improve in pure water flux has an ‘inverse parallel 
relationship with rejection capacity [160] Charged polymers used for membranes 
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application can be prepared in a number of ways such as blending and contains 
carboxylate, sulfonate and other charged groups[137], [143]–[145]. Incorporating charge 
groups into a base polymer modifies the salt transport character of the membranes and 
its ability to reject salts by Donnan exclusion[146]. 
2.17 Membranes water uptakes 
Water uptake in a membranes film is used to study the structural property transport 
relationship of salt and water in the membranes. This is because hydrophilic 
membranes sorbs more water and have less rejection capacity than those that sorbs 
less water. For this reason, modification of the main polymeric membranes to increase 
the water sorption of the membranes films by the incorporation charged functional 
groups to the base polymer. This will improve the performance of the membranes 
films[130], [147]–[149]. 
2.18 Chelating functional groups in wastewater treatment 
Polymers with chelating functional groups such as HPEI have shown good result in 
wastewater treatment and separation. The chelating groups found on chelating 
polymers include the amine, carboxyl, hydroxyl, sulfate, phosphate and amino functional 
groups[150]–[152]. These functionalities can be introduced into polymer matrix by 
several known method like grafting, blending, and crosslinking[151]. Incorporation of 
chelating groups is known to enhance the rejection efficiency as well as impact certain 
electrical properties (charge) on the surface of the modified membranes for the 
separation of pollutants from wastewaters. 
2.19 Hyperbranched polyethyleneimine as a chelating polymer 
HPEI polymer is usually in the branched form of polyethyleneimine. Polyethyleneimine 
is prepared from ethyleneimine monomers. The amine functional groups in 
polyethyleneimine (PEI) exist in the ratio 1:2:1 in the primary, secondary and tertiary 
class of PEI. These groups are chemically reactive and consequently enable the 
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widespread chemical modification of HPEI. To this effect, HPEI can easily form 
complexes with different species in line for the existence of the amine groups on the 
polymer backbone. Researchers have demonstrated that HPEI have also been studied 
and applied in wastewater treatment by researchers around the globe for their 
enhanced anti-microbial effectiveness on membranes  films[153], [154]. HPEI was also 
incorporated in membranes for the removal and recovery of heavy metal ions from 
wastewater and the modified membranes showed higher removal efficiencies than 
unmodified membranes[65], [155], [156]. Composite of PEI was recently incorporated 
on RO membranes as a hydrophilic enhancer, the fouling and rejection properties of the 
prepared membranes were significantly improved[156]. Recent studies such as that of 
Dong et al., studied PEI capped AgNPs cluster as an efficient antibacterial agents and 
concluded that PEI-Ag possess improve antibacterial ability [188]. Ortaggi et al., also 
studied heavy metal removal ability of versatile branched polymer functionalized PEI 
and concluded that the membranes exhibit high removal efficiency[157], [158]. Yu et 
al.[103] prepared and evaluate the performance of HPEI-GO/PES membranes and 
concluded that the prepared membranes exhibit improved antifouling properties, flux 
and antibacterial activities. 
2.20 Graphene oxide in wastewater treatment 
In recent years GO and its composite nanomaterials have attracted numerous research 
attention in wastewater treatment due to high surface area of GO and its impregnated 
oxygen functional groups[36], [106], [157], [159], [160]. The impregnated oxygenated 
functionalities of GO makes it easy for modification and application of GO nanosheets in 
membranes wastewater treatment processes[161]–[166]. GO have been found useful in 
the synthesis of mixed matrix membranes to improve the membrane’s antifouling 
properties, flux and rejection performance[161]–[164], [166]. The nanocomposite of GO 
have recently been reported in the preparation of different kinds of UF, NF and RO 
membranes for the same purpose of wastewater treatment[163]. Most recently 
Mukherjee et al. study the rejection capacity of GO mixed matrix membranes and 
concluded that GO modified UF PSf membranes and concluded that the modified 
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membranes have high rejection capacity for Pb2+, Cd2+ and Cr6+ and improved 
antifouling properties[167]. Makhetha et.al. studied the antifouling properties and dye 
selectivity of Cu(tpa)@GO/PES composite and concluded that the negatively charged 
membranes film exhibit improved antifouling properties and high and high removal for 
anionic MO dyes[168]. 
2.21 Antimicrobial susceptibility testing 
The antimicrobial activity of pure or mixture of chemical compounds can be detected by 
observing the growth response of various microorganisms to the chemical compounds 
(samples) when in contact with the bacteria. The most common techniques used in 
antimicrobial susceptibility testing includes Disc Diffusion Assay, Broth Micro-
dilution[169]–[172]. The results obtained are influenced by the testing method used 
since the methods are not equally sensitive and are not centred on the same 
principles[173]. Broth microdilution method was used in this study and will be discussed. 
2.21.1 Broth micro-dilution 
This technique has been used to decide the minimum inhibitory concentrations (MICs) 
of a large number of test samples and can also be used for a wider variety of 
microorganisms. MICs techniques advantage includes increased sensitivity, ability to 
differentiate between bacteriostatic and bactericidal effects, produce reproducible 
results and can be used for the quantitative determination of the MICs[171], [172]. The 
solvent commonly used in the micro-titre plate is DMSO, methanol and acetone can be 
used sometimes as solvents because they show no inhibition of the microorganisms 
even at 2% concentration[172], [174], [175]. 
2.22 Common biofilms forming bacteria species and human bacterial pathogens 
Figure 2.4 presents the most common biofilm-forming bacteria species and human 
bacterial pathogen. Among the utmost challenging human bacterial pathogens which 
are not limited in any way to the few listed include E coli, K pneumonia, S  aureus, and 
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Enterococcus species[176]–[179].The widespread of the aforementioned human 
bacteria pathogen and biofilm agents, the health consequences of human exposure to 
these pathogens through raw water and biofilm formation control is one of the specific 
objectives of this study. 
 
Figure 2.4: Common biofilms forming bacteria species and human bacterial 
pathogens[119] 
E. coli is a Gram-negative anaerobic rod-shaped bacterium commonly known to cause 
urinary tract infection in humans. It is usually found in the gastrointestinal tracts and in 
variety of food materials including milk, yoghurt, water, vegetables, fruits, and meats 
[180]. This has raised public concern all around the globe due to the health issues 
associated with their exposure such as that of food-borne infection which could lead to 
diarrhoea, kidney failure in some cases. Infections could also occur after drinking raw 
milk or raw water[180]. K. pneumoniae is also a Gram-negative but rod-shaped aerobic 
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bacteria also found in the gastrointestinal tract of humans[181]. The presence of K. 
pneumoniae as reported by the statistics of the survey conducted in urban residents 
and hospitals which reveals 3-4% throat carriage, 29-35% faecal carriage and 30-37% 
individual carriage[181]. S. aureus is a Gram-positive anaerobic spherical shaped 
bacterium frequently found in the nose, skin. This is the most common cause of 
staphylococcal infections[182] and most life-threatening diseases such as pneumonia, 
meningitis, and endocarditis. [183]. S. aureus also causes a range of skin infections 
such as abscesses, cellulitis, and pimples. Penicillin and sometimes the combination of 
penicillin and gentamicin are most commonly used for the treatment of S. aureus 
infections since most people in some country are resistant to penicillin. The combination 
therapy with gentamicin is regulated to minimize the risk of kidney damage while the 
treatment duration depends on the location and severity of infection[182], [184]. 
Chapter summary 
Due to the health hazard and death consequence associated with human exposure to 
heavy metal ions polluted wastewater, the shortage availability of assessable clean 
water resources for drinking, domestic and industrial use (especially food production 
industry and pharmaceutical industry) due to dye pollutions, efficient treatment 
techniques for inorganic and organic wastewater treatment becomes a global priority. 
Membranes technology would not only be fit for global wastewater treatment but 
membranes incorporated GO nanosheets and GO composite (as proposed in chapter 1) 
would inhibit the group of most common biofilm-forming bacteria and human pathogen 
bacteria (such as E. coli, S. aureus, and k. pneumonia) that tend to impede membranes 
process during wastewater treatment. 
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CHAPTER 3:  
EXPERIMENTAL PROCEDURE AND METHODOLOGY 
 
 
3.1 Introduction 
These sections entail a detailed account of the experimental procedures for the 
synthesis of GO nanosheets and GO composite, the synthesis of the unmodified and 
modified polyethersulfone and polyvinylidene fluoride UF membranes and their 
characterisation. The membranes preparation procedures, the chemicals used and the 
composition of the casting solution. 
3.2 Materials 
The materials used for this research project included polyethersulfone, polyvinylidene 
fluoride, N-N dimethylacetamide, sulphuric acid (H2SO4, 98%), graphite flakes 20 μm 
synthetic, dimethyl sulfoxide, potassium permanganate (KMnO4, 99%), orthophosphoric 
acid (H3PO4, 85%), hydrochloric acid (HCI, 32%), hydrogen peroxide (H2O2, 30%), 
ethanol absolute (C2H5OH), diethyl ether (C2H5)2O, Polyvinylpyrrolidone, silver nitrate 
(AgNO3 ACS reagent 99%), polyethyleneimine (MW 25,000), potassium dichromate 
(K2Cr2O7), lead (II) nitrate (Pb(NO3)2), cadmium nitrate tetrahydrate Cd(NO3)2.4H2O and 
bovine albumin. These chemicals and polymers were purchased from Sigma-Aldrich 
and used as received devoid of any additional purification. 
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3.3 Synthesis of graphene-based nanomaterials 
3.3.1 Synthesis of graphene oxide nanosheets 
GO was synthesized from industrial graphite flakes using the improved method by 
Marcano et al.[154]. Graphite flakes (3.00 g) was added to a mixture of concentrated 
sulphuric acid (360 ml) and orthophosphoric acid (40 ml) in a ratio of (9:1) producing a 
slight exothermic reaction. KMnO4 (18.00 g) was slowly added to the stirring mixture to 
preclude explosion of the reacting system. The reaction was stirred and heated at 50°C 
for 12 h, was left to cooled to room temperature and then transferred onto a mixture of 
30% H2O2 (3 ml. H2O2 was used to terminate the reaction) and ice (400 ml) (The ice 
was prepared from deionized water). The mixture was centrifuged at the speed of 4000 
rpm for 4 h and the supernatant was decanted. The remaining solid material was then 
washed in succession in the following order: twice with water (200 ml) to get rid of the 
unwanted acid supernatant from the mixture, 32% HCl (200 ml) to get rid of unoxidized 
graphite flakes and twice with ethanol (200 ml) to get rid of the HCl used to remove the 
unoxidized graphite flakes. For each wash, the mixture was centrifuged at the speed of 
4000 rpm for 4 h and the supernatants decanted at the end of each wash. The 
remaining material after this prolonged wash was coagulated with diethyl ether (200 ml) 
and the resulting suspension was centrifuged for 4 h and the supernatant decanted. The 
obtained solid was vacuum dry overnight at room temperature yielding a total of 5.4 g of 
well oxidized brown graphene oxide material. 
3.3.2 Synthesis of HPEI coated GO (HPEI@GO) composite  
HPEI@GO was synthesized by a method adapted by Zhang et.al.[185]. The 
synthesized GO powder (0.10 mg) was dispensed into a conical flask containing 50 ml 
DMAc solution and sonicated for 0.5 h. HPEI (0.14 mg) was added to the homogenous 
mixture and sonicated for another 0.5 h the mixture was stirred for 12 h without heating. 
The product obtained was separated by centrifugation and dried at 60°C.  
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3.3.3 Synthesis of HPEI coated GO (HPEI2@GO) composite with a 100% increase 
of HPEI components 
For the synthesis of HPEI coated GO with 100% increase HPEI component, the weight 
concentration of HPEI was increased from 0.14 mg to 0.28 mg on the surface of GO 
nanosheets. In details, GO (0.10 mg) was dispensed into a 50 ml DMAc solution and 
sonicated for 0.5 h. HPEI (0.28 mg) was added to the mixture and sonicated for another 
0.5 h. The mixture was stirred for 12 h without heating. The acquired product was 
separated by centrifugation and dried at 60°C. 
3.3.4 Synthesis of AgNPs/HPEI@GO and AgNPs/HPEI2@GO composite 
For the synthesis of AgNPs/HPEI@GO and of AgNPs/HPEI2@GO, DMAc was used as 
a reducing agent, PVP was used as a capping agent and AgNO3 was used as a 
precursor for AgNPs. A mixture of PVP (0.75M) and AgNO3 (0.5M) was separately 
added to the stirring mixture of HPEI@GO and of HPEI2@GO dispensed separately in 
50 ml DMAc solution and heated at 80°C for 0.42 h. The resultant mixture was washed 
and separated by centrifugation and dried at 60°C. 
3.4 Membranes preparation 
The prepare graphene base nanomaterials were incorporated into PES and PVDF 
polymer backbone. The compositions of the casting solution of individual polymers are 
represented below. 
3.4.1 Preparation of unmodified and modified PES membranes 
The constituents of the casting solutions for GO@PES, HPEI/GO@PES and 
AgNPs/HPEI/GO@PES nanocomposite membranes are presented in Tables 3.1 and 
that of the casting solution for HPEI2/GO@PES and AgNPs/HPEI2/GO@PES 
nanocomposite membranes are presented in Tables 3.2. 
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The casting solutions for GO@PES, HPEI/GO@PES, and AgNPs/HPEI/GO@PES 
nanocomposite membranes consist of PES, DMAc and different weight concentration of 
the graphene-based nanomaterials (GO, HPEI@GO and AgNPs/HPEI@GO). The 
unmodified and modified PES membranes used in this study were synthesized by non-
solvent induced phase inversion (NIPs) techniques. Three different variations of 
modified PES membranes were synthesised from each synthesized graphene-based 
nanomaterial. For easy reference, the unmodified PES membranes are referred to as P. 
GO modified PES membranes are referred to a series of P1 membranes. HPEI@GO 
modified PES membranes are referred to a series of P2 membranes and 
AgNPs/HPEI@GO modified PES membranes are referred to a series of P3 membranes. 
The unmodified PES membranes were synthesised by stirring a mixture of PES 
dispensed in n-n DMAc solution for 24 h. Series of GO modified PES membranes were 
obtained in three different weight variation of GO nanoparticle (0.1 wt%, 0.15 wt% and 
0.2 wt% labelled as P1a, P1b and P1c respectively) dispersed in a different conical flask 
containing the required volume DMAc solution and sonicated. PES was added to the 
stirring mixture and stirred for 24 h to obtain GO@PES membranes. In the same weight 
variation of the graphene-based composite, HPEI/GO@PES (0.1 wt%, 0.15 wt% and 
0.2 wt% labelled as p2a, p2b and p2c) membranes and AgNPs/HPEI/GO@PES (0.1 wt%, 
0.15 wt% and 0.2 wt% labelled as p3a, p3b and p3c) membranes were synthesised. 
Table 3.1: Composition of unmodified PES and GO@PES casting solutions 
Membranes 
Identity 
PES 
(Wt %) 
PVP 
(Wt %) 
GO 
(Wt %) 
DMAc 
(Wt %) 
Total Wt.% of the 
casting solution 
p 16.00 1.00 --- 83.00 100 
p1a 16.00 1.00 0.10 82.90 100 
p1b 16.00 1.00 0.15 82.85 100 
p1c 16.00 1.00 0.20 82.80 100 
p2a 16.00 1.00 0.10 82.90 100 
p2b 16.00 1.00 0.15 82.85 100 
p2c 16.00 1.00 0.20 82.80 100 
p3a 16.00 1.00 0.10 82.90 100 
p3b 16.00 1.00 0.15 82.85 100 
p3c 16.00 1.00 0.20 82.80 100 
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3.4.2 Preparation of HPEI2/GO@PES and AgNPs/HPEI2/GO@PES composite 
membranes 
Table 3.2 presents the composition of the casting solution for HPEI2/GO@PES and 
AgNPs/HPEI2/GO@PES nanocomposite membranes. The casting solutions were also 
made up of PES, DMAc, PVP and different weight variation of HPEI2@GO and 
AgNPs/HPEI2@GO composite. The PES membranes modified by these composite 
were also prepared by NIPs techniques in three different weight variations. The 
prepared HPEI2/GO@PES membranes were labelled P1, P2 and P3 and that of 
AgNPs/HPEI2/GO@PES membranes were labelled P4, P5 and P6 for easy reference. 
Table 3.2: Composition of HPEI2/GO@PES casting solutions 
Membranes 
Identity 
PES 
(Wt %) 
PVP 
(Wt %) 
HPEI2@GO 
(Wt %) 
DMAc 
(Wt %) 
Total Wt.% of the 
casting solution 
P1 16.00 1.00 0.10 82.90 100 
p2 16.00 1.00 0.15 82.85 100 
P3 16.00 1.00 0.20 82.80 100 
P4 16.00 1.00 0.10 82.90 100 
P5 16.00 1.00 0.15 82.85 100 
P6 16.00 1.00 0.20 82.80 100 
 
3.4.3 Preparation of unmodified and modified PVDF membranes 
The casting solution for the modified and unmodified PVDF membranes were prepared 
by adopting the same method used in the preparation of the casting solution modified 
and unmodified PES membranes. By incorporating the same weight concentration of 
the synthesized graphene-based nanofiller materials into the PVDF polymer backbone. 
The composition of the casting solutions is presented in Table 3.2. The modified and 
unmodified synthesised PVDF membranes were prepared by NIPs techniques in three 
different weight variations. The synthesised membranes were labelled according to the 
membranes ID in Table 3.3 for easy reference 
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Table 3.3: Composition of unmodified PVDF and GO@PVDF casting solutions 
Membranes 
Identity 
PVDF 
(Wt. %) 
PVP 
(Wt. %) 
GO 
(Wt. %) 
DMAc 
(Wt. %) 
Total Wt. % of the 
casting solution 
pv 16.00 1.00 --- 83.00 100 
Pv1 16.00 1.00 0.10 82.90 100 
Pv2 16.00 1.00 0.15 82.85 100 
Pv3 16.00 1.00 0.20 82.80 100 
Pv4 16.00 1.00 0.10 82.90 100 
Pv5 16.00 1.00 0.15 82.85 100 
Pv6 16.00 1.00 0.20 82.80 100 
Pv7 16.00 1.00 0.10 82.90 100 
Pv8 16.00 1.00 0.15 82.85 100 
Pv9 16.00 1.00 0.20 82.80 100 
 
3.4.4 Preparation of HPEI2/GO@PVDF and AgNPs/HPEI2/GO@PVDF membranes 
Tables 3.4 present the composition of HPEI2/GO@PVDF and 
AgNPs/HPEI2/GO@PVDF casting solution. The casting solutions were made up of 
PVDF, DMAc, PVP and different weight variation of HPEI2@GO and 
AgNPs/HPEI2@GO composite. The modified PVDF membranes were prepared by NIPs 
techniques in three different weight variations. The synthesised membranes were 
labelled according to the ‘membrane’s Identity’ in Tables 3.4 for easy reference. 
Table 3.4: Composition of HPEI2/GO@PVDF casting solutions 
Membranes 
Identity 
PVDF 
(Wt. %) 
PVP 
(Wt. %) 
HPEI2@GO 
(Wt. %) 
DMAc 
(Wt. %) 
Total Wt. % of the 
casting solution 
PV10 16.00 1.00 0.10 82.90 100 
PV11 16.00 1.00 0.15 82.85 100 
PV12 16.00 1.00 0.20 82.80 100 
PV13 16.00 1.00 0.10 82.90 100 
PV14 16.00 1.00 0.15 82.85 100 
PV15 16.00 1.00 0.20 82.80 100 
3.5 Characterisation techniques 
3.5.1 Characterisation of graphene-based nanomaterials, unmodified and 
modified PES and PVDF membranes 
The microscopic morphologies of the prepared GO, HPEI@GO, AgNPs/HPEI@GO, 
HPEI2@GO, and AgNPs/HPEI2@GO nanomaterials were characterized using 
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Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM). 
The microscopic structures of the prepared nanomaterials were measured by Fourier 
transform infrared spectroscopy analysis (FTIR) and X-Ray Diffraction (XRD), Thermo 
Gravimetric Analyser (TGA) was used to determine the thermal stability of the 
nanomaterials and Brunauer-Emmett-Teller (BET) was used for the surface area 
analyser. The microstructure and morphology of the prepared PES and PVDF 
membranes were studied by means of SEM, EDS and mapping, AFM, TEM. The 
surface hydrophilicity of the membranes was studied by the water-contact angle 
measurement and the membranes water sorption capacities were determined by its 
water uptake.  
3.5.1.1 X-ray diffraction (XRD) spectroscopy 
The dried samples of the graphene-based nanomaterials were placed on the small 
background sample holder to confirm the structural components and crystalline 
nature[186] of the prepared nanomaterials in the solid-state by exposing the samples to 
X-ray beam from an X-ray tube in the two theta range of 0o to 80o at a voltage of 40 KV 
and 40mA current. A D8 Advance diffractometer (X’Pert, Germany) with PSD Vantec-1 
detectors was used for this analysis. 
3.5.1.2 Fourier Transform Infra-Red (FTIR) spectroscopy 
The FTIR spectra were performed with the dry samples of the synthesized graphene-
based nanomaterial with a Perkin Elmer spectrum 100 FTIR spectrometer at the scan 
range of 650–4000 cm−1, the resolution of 4 cm−1 and over an average of 16 scans. The 
powdered samples of the synthesized graphene-based nanomaterials were individually 
grounded with KBr, pressed into pellet for characterization to identify the functional 
groups on the nano materials[187] bypassing the infrared radiation through the samples 
at an average of 32 scans and at the range of 500-4000 cm-1 which in turn creates a 
molecular fingerprint on the sample. 
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3.5.1.3 Raman spectroscopy 
The dried samples of the graphene-based nanomaterials were grounded into fine 
powder, placed on a glass slide to acquire the Raman spectra by passing a laser beam 
of 5mw over an average of 50 to 3500 cm-1 Raman intensity at an operating spectral 
resolution of 2.0 cm-1, spectral average of 22 scans and an exposure time of 4s by 
Perkin Elmer Raman Spectrometer 200 (Massachusetts, USA). 
3.5.1.4 Scanning electron microscopy and energy dispersive (SEM, EDS) 
spectroscopy 
The surface morphology of the synthesized graphene-based nanomaterials, unmodified, 
and modified PES and PVDF membranes were obtained using the scanning electron 
microscopy. For surface morphology of the membranes, the membranes, the powdered 
samples of the synthesised graphene-based nanomaterials were pressed on different 
carbon tape, mounted on a brass plate and sputter-coated with a thin film of carbon 
before imaging. For the cross-section analysis of the prepared membranes, each 
membranes samples were frozen in liquid nitrogen for 0.08 h, fractured, mounted on the 
SEM stump and sputter-coated with a thin film of carbon before imaging using a 
TESCAN Vega3 instrument at an accelerating voltage of 20 kV Scanning Electron 
Microscope (SEM). The SEM instrument was equipped with an X-ray detector for 
Energy Dispersive X-Ray Spectroscopy (EDS) operated at 5 kV. 
3.5.1.5 Transmission electron microscopy (TEM) 
Transmission electron microscope (TEM) was used to study the nano shapes of the 
prepared graphene-based nanomaterials. The desired quantity of the dried samples of 
the synthesized nanomaterials was individually dispersed in ethanol and sonicated for 
0.17 h to obtain a homogenous dispersion of each sample. A drop of each sample on 
the surface of a coated copper grid was mounted onto the exchange rod and placed into 
the TEM chamber. TEM images were produced by passing a beam of electrons through 
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the desired graphene-based nanomaterials to be analysed[188]. A TEM JOEL JEM 
2100 Electron Microscope (Peabody Massachusetts, USA) was used for this analysis. 
3.5.1.6 Atomic force (AFM) microscopy 
The membranes surface roughness was studied by capturing the topographical AFM 
images of the dried membranes samples run in the multimode AFM nanoscope 
controller using contact mode at a scan size of 10µm by 10µm scale to define the 
average area roughness and the root mean square roughness of the membranes 
surface. AFM measurement was conducted using the Atomic-Force Microscopy (AFM, 
Nano-scale IV) with the spring constant of 0.12 N/m. 
3.5.1.7 Thermo-gravimetric (TGA) analysis 
The thermal stability of the dried grounded powdered samples of the graphene-based 
nanomaterials was performed by Perkin-Elmer STA6000 Thermogravimetric analyser 
(TG-DTA, DT-40 instrument). The samples were heated from 0oC to 800 °C under 
flowing nitrogen and the thermal stability of the samples was determined the weight 
profile changes in the sample as a function of temperature (°C) over time. 
3.5.1.8 Brunauer-Emmett-Teller (BET) analysis 
BET analysis was performed using the Brunauer Deming Deming Teller (BDDT). BET 
was used to determine the specific surface area, specific pore volume and specific pore 
size of the prepared graphene-based nanomaterials by degassing 0.2 mg of each 
graphene-based sample through micrometric degassing system at 150oC in flowing 
nitrogen for 12h using an automated gas adsorption analyzer micrometric ASAP  2020. 
3.5.1.9 Contact angle measurements 
The DataPhysics Optical contact angle (OCA), Model SCA 20 was used to conduct the 
membranes surface hydrophilicity experiment using the sessile drop system. To 
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accurately evaluate the membranes surface hydrophilicity, an average of three drops 
was reported for each sample at room temperature.  
3.5.1.10 Inductively coupled plasma optical emission (ICP-OES) 
spectroscopy 
For the ICP-OES analysis, the liquid heavy metal ion samples were introduced into the 
sample chamber (the sample chamber is made up of the spray chamber and the 
nebulizer) by directing the sample injector the sample emerges as a jet of liquid into the 
plasma base. The liquid heavy metal ion samples get evaporated, atomized and ionized 
in the diverse heating zones of the plasma torch changing the samples from liquid 
aerosol to solid particles and finally to gaseous form when it reaches the analytical zone 
of the plasma. The sample exists in its excited state as atoms and ions representing the 
chemical composition of the analysed samples. The results were done in triplicate and 
the line of high intensity and minimum noise interference was selected for the ICP-OES 
analysis. 
3.5.1.11 UV-Vis spectroscopy 
The optical and electronic properties of the dye molecule present in wastewater were 
studied using the UV-Vis spectroscopy based on the operating principle of light 
absorption due to electronic transitions. UV-Vis Shimadzu model UV-2450 was 
employed for this study. 
3.5.2 Membranes characterisations 
The influence of the incorporated hydrophilic and charge functionalities on the: 
membranes pore structure, pure water flux, water uptake, surface roughness and 
contact angle of reformed PES membranes were evaluated in details.  
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3.5.2.1 Water uptake 
For water uptake  analysis, the membranes were cut into a circular shape of 2.5 
cm in diameter and the dry weight was recorded after which the membranes were 
immersed into deionized water for 24 h and the weight was recorded. The weight 
difference of the wet and dried membranes was used to evaluate the water sorption 
capacity of the fabricated membranes based on Equation 1. [189]. For cross-section 
analysis, the membranes were frozen in liquid nitrogen for 0.08 h [189] and fractured 
before imaging. The water content of the membranes is expressed using Equation 1: 
     (1) 
Where,  and  are the weights of the wet and dry membranes samples, 
respectively. 
3.5.2.2 Water permeate flux and rejection 
The pure water permeability, as well as the heavy metal rejection studies of the 
prepared PES UF membranes,  were evaluated using the dead-end cell filtration system 
equipped with nitrogen gas. The pure water flux experiment was carried out at 300 kpa 
while for the heavy metals rejection studies, the dead-end cell was operated at 150 kpa 
driven pressure, equipped with a magnetic stirrer to minimize the effect of concentration 
of the metal ion on the membrane's surface. The membranes mounted in the cell were 
pre-compacted at a higher membranes pressure. The pure water flux (Wpwf) and BSA 
flux (Wbsa) were measured and expressed by Equations 2 and 3 [189].  
      (2) 
     (3)
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where Wpwf and Wbsa are the permeating flux of pure water and BSA solution (L/m
2h) 
respectively, V is the volume of permeated water and BSA solution (L), A is the 
membranes effective surface area (m2), t is the time (h). 
Rejection studies of heavy metal pollutants (Pb2+, Cd2+, and Cr6+) and that of organic 
dyes pollutants (MB, AR and CR) were measured by ICP-OES and UV-Vis respectively. 
The initial and final concentration of the metal ions and organic dyes were expressed by 
Equation 4[189]: 
    (4) 
where C1 and C2 are the initial concentration of the feed and permeate solution of the 
metal ion pollutants present in the synthetic wastewater before and after rejection 
respectively. 
3.5.2.3 Membranes antifouling analysis 
The antifouling studies of prepared PES and PVDF membranes were carried out using 
BSA aqueous solution a good fouling agent. The fouling propensities of the prepared 
PES membranes were further studied using organic pollutants (MB, MO, AR, CR and 
BPA). The observations made are reported in chapter 6 of this report. The membranes 
prior to BSA rejections were subjected to pure water flux after which the water in the 
dead-end cell was replaced by the BSA solution to obtain the BSA flux. The fouled 
membranes were immersed in water for 0.17h without shaking. The water flux of the 
cleaned membranes (WP-flux2) was measured. Using the parameters obtained from the 
fouling studies, the flux recovery ratio (FRR) and the fouling resistance of the prepared 
UF membranes were determined using equation 5[190]. 
   (5) 
where Wp-flux2 is the pure water flux of the cleaned membranes and Wp-flux1 is the initial 
pure water flux before the membranes were fouled 
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The total fouling (Rt), reversible fouling (Rr), and irreversible fouling (Rir) parameters of 
the prepared membranes were evaluated using Equation 6, 7 and 8 respectively. [190]  
   (6) 
   (7) 
   (8)
 
From the above equations, Rt represents the degree of flux decline caused by total 
fouling, Rr indicates the fouling caused by the loose attachment of protein solution on 
membranes surfaces and pores which can be washed off by ordinary cleaning in water 
or backwashing. Rir indicates the fouling resulted from the tight attachment of protein 
molecules on the membranes surface and membranes pores leading to total flux 
decline and membranes degradation which can only be washed off by chemicals.  
3.6 Antibacterial studies 
For the determination of the antibacterial activities of the synthesized graphene base 
nanomaterials, Minimum Inhibitory Concentrations (MICs) method was employed.  
3.6.1 Used bacterial strains 
The prepared graphene-based nanomaterials were tested against 3 specific bacteria 
strains which include: E coli, K pneumonia, and S aureus.  
3.6.2 Minimum inhibitory concentrations (MICs) 
The MICs experiment was carried out using the 96-well microtitre plate and the bacteria 
strains in five repeat by adopting the method defined by Andrew et al.[120]. The three 
bacteria strains used in this study were inoculated in an incubator overnight at a 
temperature of 37 ˚C into Mueller Hinton (MH) broth solution (The MH broth used in this 
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study was prepared accordingly with the manufacturer’s instruction) and was left to 
grow for 24 h to 36 h depending on the growth rate of each bacteria and compared with 
a 0.5 McFarland’s standard. MH broth (5.5 ml) was dispensed into McCartney bottles 
and autoclaved at a temperature of 121˚C and Streptomycin was used as the positive 
control and was prepared by weighing 0.032 g in 1ml of distilled water while DMSO was 
used as a negative control. Each of the five prepared graphene base nanomaterials was 
weighed into an empty autoclaved MacCourtney bottles to ensure purity. The graphene-
based nanomaterials were dissolved in a minimum amount of DMSO and the remaining 
volume was made up to 5.5ml using MH broth solution (the outer wells of the plate were 
filled with sterile distilled water). Serial dilutions were carried out from 16mg/ml to 
0.03125 mg/ml and overnight bacterial cultures of 100 μl were added into each well in 
both horizontal and vertical position in five repeats for each bacterium. 100μl of the 
diluted samples were added from 0.03125 mg/ml to 16mg/ml into each well after which 
the plates were covered and incubated overnight and the plates were finally incubated 
again for another 2 h after 10 μl of Resazurin sodium salt solution (0.02 % (w/v)) was 
added. The wells were visually inspected for colour changes. 
Chapter summary 
The characterisation techniques listed earlier were used to determine and ascertain the 
shape, the surface area, the structural, and elemental compositions, surface roughness, 
pure water flux, water sorption capacity, inorganic and organic pollutants rejection 
capacity of the synthesised GO nanosheets, GO composite and the synthesised PES 
and PVDF membranes. The techniques were also used to characterise the synthesised 
unmodified and graphene-based nanomaterials modified PES and PVDF membranes. 
.
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CHAPTER 4:  
THE ANTIBACTERIAL ACTIVITIES AND EFFECT OF GRAPHENE-
BASED COMPOSITE IN PES MEMBRANES FOR THE REMOVAL OF 
Pb2+, Cd2+, and Cr6+ FROM STIMULATED WASTEWATER 
 
 
4.1 Introduction  
The graphene oxide (GO) in this research work was prepared through the chemical 
oxidation of graphite flakes. GO have recently attracted great attention by numerous 
researchers across the globe due to its inherently optical and chemical properties, 
including its large surface area[191]. GO nanosheets are structurally decorated with 
various oxygen functional groups such as C=O, C-O, OH groups on the basal plane and 
edges of the nanosheets[192]. This can potentially present multiple modification options 
towards its fundamental properties as graphite. These oxygenated functionalities lead to 
changes in the structure and properties of the graphite and make GO versatile or limited 
in many applications. For example, the presences of the oxygenated functionality lead 
to loss of electrical conductivity which limits the direct application of GO in certain areas 
or field but enhances the application of GO in other areas like water treatment. Thereby, 
making it easy for GO to be applied in membranes processing for wastewater 
treatment[193]. In wastewater treatment, GO has been reported to bind metal ions such 
as Pb2+, Cd2+ and Cu2+ to form a metal complex through the sharing of the oxygen lone 
pair of an electron when used as an absorbent[58], [194]. But GO has a high affinity for 
water which could possibly lead to leaching of GO nanoparticles. The cost of 
synthesizing GO nanosheets is high and the binding strength of GO nanoparticle 
increases with increase in concentration (mass) of GO when used as an 
adsorbent[195]. To mitigate this problem, incorporating GO nanoparticle into a mixed 
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matrix membrane becomes an attracting alternative[195], [196] since a small amount of 
GO is needed and the membranes are easily reproducible. 
Hyperbranched polyethyleneimine polymer has been reported in polymer enhanced 
ultrafiltration (PEUF) (coagulation and filtration system) processes[197]. This is because 
of their large number of chelating cationic amine groups on its macromolecular chain 
which enables the water-soluble polymer to attract the heavy metals in aqueous solution 
by coordinate bond thereby converting the heavy metal ions into macromolecular 
complexes with size bigger than the molecular weight cut off (MWCO) of an 
ultrafiltration membranes as a result of which such macromolecule is retained in the 
feed solution by size exclusion[58]. But PEUF process is metal ion-selective. For 
example, metal ions binding capacity could be very low for certain metals ions and high 
for the other under the same operating condition[197]–[200]. Like the application GO 
nanoparticle as an absorbent in wastewater treatment, the metal to polymer ratio also 
plays a key role in affecting the polymer-metal complexion process. To the above effect, 
even though there has been a considerable high amount of research and publications in 
this area, PEUF has not still reached large industrial applications[197]–[200]. 
Therefore, to mitigate the aforementioned difficulties on the application of GO and HPEI 
as absorbents, incorporating GO nanosheets and a novel GO composite such as 
GO@HPEI, AgNPs/HPEI@GO, HPEI2@GO and AgNPs/HPEI2@GO into base polymer 
matrix (such as PES and PVDF) to produce mixed matrix UF membranes for the 
removal of Pb2+, Cd2+, and Cr6+ from wastewater becomes the next attracting approach. 
The GO nanosheets and composite would potentially improve the surface chemistry of 
the resultant membranes and could also improve the membrane’s performance in terms 
of permeate flux, antifouling properties and rejection capacity. The GO nanosheets and 
GO composite were synthesised and subjected to characterisation using various 
techniques. 
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4.2 Characterization of GO nanosheets, HPEI@GO and AgNPs/HPEI@GO 
composite 
The characterisation of GO nanosheets, HPEI@GO and AgNPs/HPEI@GO composite 
are discussed in this section and the characterisation of the HPEI2@GO and 
AgNPs/HPEI2@GO composite are discussed in section 4.3 for the purpose of clarity. 
4.2.1 Structural analysis 
4.2.1.1 FTIR of GO, HPEI@GO and AgNPs/HPEI@GO composite 
The GO nanosheets, HPEI@GO and AgNPs/HPEI@GO nanocomposite were 
successfully synthesised as per the synthetic scheme are shown in Synthetic Scheme 
4.1. The graphite flakes were treated with KMnO4 in H2SO4/H3PO4 for 12 h in order to 
introduce the C=O (1721 m-1), C-O (1220 cm-1) and –OH functional groups on GO 
nanosheets[43]. The vibration pattern of HPEI@GO composite (Figure 4.1) showed the 
disappearance of C=O and -CO functional groups. This could be attributed to chemical 
interaction of NH2 groups of the HPEI and the C=O and CO functional groups of the GO 
resulting to the formation of carboxamides (CN 1252 cm-1), together with a secondary 
amine (NH 1386 cm-1) and hydroxyl (OH) groups on the HPEI/@GO molecular chain. 
This indicated that HPEI was successfully coated on GO nanosheets. The vibration 
peak at 1630 cm-1 seen in all the synthesised graphene-based nanomaterials is 
attributed to the aromatic groups (C=C). This indicates that the carbon structure of the 
graphite material was not destroyed by the oxidation process, the coating process or by 
the doping of AgNPs[42], [43]. The peaks at 2970cm-1 and 2890cm-1 on the HPEI@GO 
molecular chain could be attributed to the vibration pattern of H-C-H groups while the 
vibration peaks at 1187 cm-1 and 1020 cm-1 can be attributed to the Ag+ peaks. 
Figure 4.2 presents the FTIR structural analysis of the synthesized graphene-based 
nanomaterials. The presence of oxygenated functional groups on the basal plane and 
edges of GO nanosheets served as the site for chemical modification of GO and greatly 
influence the direct application of GO in membranes desalination[162], [201]. The 
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formation of CN groups (an amide conjugate) with a less positive acidity constant (pKa) 
value of -0.5 compared to an acidic constant value of the carboxylic acid (pKa) 4.8 
would lead to increased dissociation effects of the CN groups at the pH between 6.5 
and 8.0. As this dissociation effect increases, the Ion exchange capacity (IEC) capacity 
of the GO composite increases and the GO material would become more positively 
charged[202], [203]. This would improve the rejection capacity of positively 
micropollutants by Donnan exclusion if incorporated into a membranes matrix. 
AgNO3@80
oC
stir 0.42 h
wash in succession with 
H2O, HCI, C2H6O, and 
(C2H5)2O
AgNPs/HPEI@GO HPEI@GO GO
HPEI
stir 12 h
Graphite flakes + 
KMnO4 + H2SO4 + 
H3PO4
H2O2
50oC
12h
 
Synthetic Scheme 4.1: Schematic pathway of the synthesis of GO nanosheets, 
HPEI@GO and AgNPs/HPEI@GO nanocomposite. 
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Figure 4.1:  FTIR of GO, HPEI@GO and AgNPs/HPEI@GO composite. 
4.2.1.2 XRD of GO, HPEI@GO and AgNPs/HPEI@GO composite 
The XRD was used to examine the crystalline nature of the synthesised GO nanosheets 
and GO composite as seen in Figure 4.2. The XRD results showed a sharp crystalline 
peak of GO nanosheet at 9.6°θ[159], [192] and decreased crystalline peaks of the 
HPEI/GO composite at 10.2°θ. These could be attributed to the adsorption of water 
molecule held in the interlayer gallery of the composite. It was also observed that the 
crystalline peak completely disappeared upon the doping of the AgNPs with HPEI@GO 
to form AgNPs/HPEI@GO composite. The broad peak observed at 23°θ for the 
HPEI@GO composite which was reduced for AgNPs/HPEI@GO composite (due to the 
presence of AgNPs on the surface of HPEI@GO composite) could be attributed to the 
affirmation of the coating of HPEI on the surface of GO nanosheets. Moreover, the 
peaks at 42°θ and 44°θ indicate that the carbon structure of the graphite material was 
not destroyed by either the oxidation process or the coating process[161] the peaks at 
65°θ and 78°θ could be attributed to the Ag peaks as seen in the FTIR analysis. The 
XRD and FTIR results confirmed that GO was successfully synthesised, coated with 
HPEI and dope with AgNPs. The synthesised graphene base nanomaterials were 
further subjected to morphological and elemental composition studies. 
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Figure 4.2: XRD analysis GO, HPEI@GO and AgNPs/HPEI@GO composite. 
4.2.1.3 Raman of GO, HPEI@GO and AgNPs/HPEI@GO composite 
Figure 4.3 presents the Raman spectra of GO nanosheets and GO composite. The 
Raman spectra generally showed two characteristic peaks, which were located at 
1348.06cm-1 vibration peaks were indicative for the graphene-based nanomaterials 
assigned to the D-band. The other variable peaks (at 1605.12 cm-1, 1589.04 cm-1, and 
1585.03 cm-1) are assigned to the G-band. The D-band was attributed to the C-C 
stretching vibration of the graphene-based nanosheets which is a significant 
characteristic of sp2 hybridisation of the carbon materials. Moreover,  the D-band was 
attributed to the defects induced by the presence of the incorporated oxygenated 
functionalities on the graphene-based nanosheets[160], [204], [205]. The Raman 
spectrum showed a higher intensity of D-band when compared to the G-band after the 
coating of HPEI and the doping of AgNPs on the surface of GO nanosheets. The ID/IG 
ratio increased slightly from 0.84 cm-1, to 0.85 cm-1 and 0.85 cm-1 respectively. This was 
due to the oxygen functional groups of GO nanosheets, the formation of carboxamides 
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on the HPEI@GO composite and the presence of the AgNPs on the AgNPs/HPEI@GO 
composite. 
 
Figure 4.3: Raman shift of GO, HPEI@GO and AgNPs/HPEI@GO composite. 
4.2.2 Morphological analysis 
4.2.2.1 SEM-EDS of GO, HPEI@GO and AgNPs/HPEI@GO composite 
SEM was used to study the microscopic morphology and the elemental composition of 
the synthesised graphene-based nanomaterials as presented in Figure 4.4. From the 
SEM image, GO nanosheets were without defects. EDS was used to examine the 
elemental composition of the GO nanosheets (openings on the nanosheets), 
HPEI@GO, and AgNPs/HPEI@GO composite. The nanomaterials were made up of 
carbon, oxygen, nitrogen, and silver devoid of traces of impurity. This further affirms the 
FTIR results. The oxygenated functional groups of GO are composed of C and O[206]. 
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That of HPEI@GO composite is composed of C, O, and N. and that of 
AgNPs/HPEI@GO is composed of C, O, N, and Ag. 
B
D
F
C
E
 
Figure 4.4: SEM-EDS images of (A-B): GO, (C-D): HPEI@GO composite, and (E-f): 
AgNPs/HPEI@GO composite. 
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4.2.2.2 TEM images of GO, HPEI@GO and AgNPs/HPEI@GO composite 
Figure 4.5 presents the TEM images of the synthesised GO nanosheets and GO 
composite. The GO nanosheets exhibited slightly wrinkle surface with different 
transparencies when compared to HPEI@GO and AgNPs/HPEI@GO composite. More 
transparent GO nanosheets were observed with the GO composite. This observation 
was attributed to the increase in d-spacing within the interlayer gallery of the modified 
GO nanosheets as a result of the nanosheets getting more exfoliated[206]. The lighter 
transparencies for the GO composite could be due to the coating of HPEI on the surface 
of GO nanosheets (HPEI@GO composite) and the doping of AgNPs onto the surface of 
HPEI@GO composite forming AgNPs//HPEI@GO composite. It was also observed that 
the GO nanosheets tend to congregate together forming multilayer agglomerates as 
seen in the SEM images. The obtained results are in agreement with the observation of 
Wang et.al.[164]. 
GO HPEI@GO AgNPs/HPEI@GO
 
Figure 4.5: TEM images of GO, HPEI@GO and AgNPs/HPEI@GO composite. 
4.2.3 TGA of GO, HPEI@GO and AgNPs/HPEI@GO composite 
TGA was used to study the thermal stability of the synthesised GO nanosheets and GO 
composite. The TGA curves of the GO nanosheets, HPEI@GO and AgNPs/HPEI@GO 
composite are presented in Figure 4.5. The weight loss profile of GO nanosheets 
showed gradual and steady (sloppy) 13% weight loss between 98 to 158°C. This could 
be attributed to the loss of moisture adsorbed onto GO nanosheets and to the loss of 
liable oxygen functionalities such as C=O and C-O groups held in GO structural lattice. 
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The sharp decomposition of 75% weight loss found between 164°C to 223°C could be 
attributed to the loss of more stable oxygen functional groups. The decomposition 
between 273°C to 670°C could be attributed to the final combustion of the carbon 
skeleton[154], [163], [192], [207]. The gradual 5% weight loss between 98 to 137°C for 
HPEI@GO composite and 4% weight loss between 98°C and 135°C for 
AgNPs/HPEI@GO composite could be attributed to the loss of moisture adsorbed unto 
the composite materials. The slower and gradual mass loss of 61% between 135°C to 
390°C for HPEI@GO composite and 60% between 152°C to 496°C for 
AgNPs/HPEI@GO composite could be attributed to the thermal decomposition of NH, 
CN, AgNPs and oxygen functional groups held in the structural lattice of the GO 
composite[185]. The combustion of the carbon skeleton was observed between 446°C 
to 760°C for HPEI@GO composite and 522°C to 752°C. The thermal stability of the 
synthesized graphene base nanomaterials indicates that GO is unstable but more 
stable in its original state as graphite[202], [208]–[210]. The synthesized graphene-
based nanomaterials were observed to be thermally unstable but become a little more 
stable with the coating of HPEI on GO nanosheets. The composite was also observed 
to gain a little more stability when doped with silver nanoparticles. 
 
Figure 4.6: TGA analysis of GO, HPEI@GO and AgNPs/HPEI@GO composite. 
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4.2.4 BET of GO, HPEI@GO and AgNPs/HPEI@GO composite 
BET was used to examine the surface area, pore size, and pore volume of the 
synthesised GO nanosheets and HPEI@GO composite. The BET for 
AgNPs/HPEI@GO composite was not presented due to some difficulties and instrument 
break down Table 4.1 and Figure 4.7 presents the BET data analysis, surface area, 
pore sizes and pore volume of GO nanosheets, and HPEI@GO composite. GO has a 
large surface area of 315.24 m2/g, a pore volume of 0.20 cm3/g and a pore size of 2.48 
nm. Upon coating HPEI on the GO nanosheets, the surface area and pore volume of 
GO nanosheets were reduced from 315.24m2/g to 3.90 m2/g and from 0.20 cm3/g to 
0.02 cm3/g respectively. Consequently, the decrease in surface area and pore volume 
of the GO composite increased the pore size of the composite from 2.48 nm to 21.1 nm. 
This was as a result of the small surface area of HPEI polymer. The synthesized GO 
nanosheets and HPEI@GO nanocomposite exhibited a mesoporous structure (between 
2.48 nm and 21.10 nm)[43]. The increase in pore size of the HPEI@GO composite 
infers increase towards in the hydrophilic properties of HPEI@GO composite that could 
potentially translate into improving the hydrophilicity of modified membranes, if 
incorporated into one.  
Table 4.1: BET analysis of the GO nanosheets and HPEI@GO composite. 
Sample 
Identity 
Surface area 
(m
2
/g) 
Pore volume 
(cm
3
/g) 
Pore size 
(nm) 
GO 315.2 
 
0.2 
  
2.5 
 HPEI@GO 3.9 
 
0.02 
  
21.1   
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Figure 4.7: BET surface area of GO and HPEI@GO composite. 
4.3 Characterisation of HPEI2@GO and AgNPs/HPEI2@GO composite 
The prepared graphene-based composite with 100% weight increased of HPEI (0.28 
mg of HPEI) contents were referred to as HPEI2@GO and AgNPs/HPEI2@GO 
composite for easy reference. These composite were characterised by SEM-EDS to 
examine the effect of increased HPEI content on the elemental composition and 
morphology of the composite materials. XRD was used to study the effect of increased 
HPEI content on the crystalline properties of the composite materials. 
4.3.1 SEM-EDS of HPEI2@GO and AgNPs/HPEI2@GO composite 
Comparing the SEM-EDS of HPEI2@GO to HPEI@GO composite as presented in 
Figure 4.8, the oxygen content was decreased by 2% and the nitrogen content was 
increased by 4.8% on the surface of GO nanosheets. Comparing the SEM-EDS of 
AgNPs/HPEI2@GO to AgNPs/HPEI@GO composite, the silver and oxygen content was 
reduced by 10.7%, and 1.9% respectively. The nitrogen content was increased by 
Chapter 4: The antibacterial activities and effect of graphene-based composite modified PES membranes for the 
removal of Pb
2+
, Cd
2+
 and Cr
6+
 from stimulated wastewater 
57 
2.67%. This increase in nitrogen content indicates the increased concentration of the 
CN and NH groups on the surface of GO nanosheets as a result of the increase in HPEI 
content. The trace of Si element seen on the EDS elemental analysis of 
AgNPs/HPEI2@GO arises from the stage sample holder on which the analysed material 
was placed for the EDS analysis. 
 
A
B
 
A
B
A
B
 
 
B
A
B
 
 
A
B
 
Figure 4.8: SEM-EDS of (A) HPEI2@GO and (B) AgNPs/HPEI2@GO composite. 
4.3.2 XRD of HPEI2@GO and AgNPs/HPEI2@GO composite 
Figure 4.9 presents the XRD analysis of HPEI2@GO and AgNPs/HPEI2@GO 
composite. The further reduction in sharp crystalline peaks (soft) observed at 9.9°θ for 
HPEI2@GO composite indicates that the composite tends to be more amorphous with 
increased HPEI content. The carbon structure of the graphite materials was also 
retained on the entire synthesised graphene-based composite as indicated by the peaks 
at 42°θ and 44°θ. The broad peak observed at 23°θ indicate the successful coating of 
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HPEI on the GO nanosheet as was observed for HPEI@GO composite[161]. Ag peaks 
were observed at 65°θ, 78°θ and 80°θ for AgNPs/HPEI2@GO composite. 
 
Figure 4.9: XRD structure of GO, HPEI2@GO and AgNPs/HPEI2@GO composite. 
4.4 Membranes preparation and characterisation 
The unmodified and modified PES membranes were synthesised and characterised by 
the method stated in Chapter 3 sections 3.4 and 3.5. Each synthesised graphene-based 
nanomaterial was incorporated into PES polymer matrix in three different weight 
variations. For easy reference, 0.1 wt%, 0.15 wt% and 0.2 wt% of GO@PES 
membranes are referred to as series of GO@PES membranes (labelled as p1a, p1b, and 
p1c membranes respectively), 0.1 wt%, 0.15 wt% and 0.2 wt% of HPEI/GO@PES 
membranes are referred to as series of HPEI/GO@PES membranes (labelled as p2a, 
p2b, and p2c membranes respectively), and 0.1 wt%, 0.15 wt% and 0.2 wt% of 
AgNPs/HPEI/GO@PES membranes are referred to as series of AgNPs/HPEI/GO@PES 
membranes (labelled as p3a, p3b, and p3c membranes respectively). The characterisation 
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and applications of synthesised unmodified PES membranes, GO@PES, 
HPEI/GO@PES and AgNPs/HPEI/GO@ PES membranes are discussed in this section. 
The characterisation and applications of HPEI2/GO@PES and AgNPs/HPEI2/GO@PES 
PES membranes are discussed in section 4.5 for the purpose of clarity. For the 
application of each membrane (for examples, pure water flux and contact angle 
analysis), an average of three is reported for utmost accuracy. 
4.4.1 SEM-EDS analysis 
Figures 4.10A and 4.10B present the SEM cross-section, surface morphology and 
elemental composition of the synthesised unmodified and modified PES membranes 
(GO@PES, HPEI/GO@PES and AgNPs/HPEI/GO@PES). From the EDS analysis, 
synthesised membranes were composed of C, O and sulphur (S) for the series of 
GO@PES membranes, C, O, S and N for the series of HPEI/GO@PES membranes, 
and C, O, S, N and Ag for the series of AgNPs/HPEI/GO@PES membranes. The 
membranes were also observed to exhibit smooth surfaces and uniform dispersion of 
the incorporated GO nanosheets and GO composite. Cracks or agglomerations were 
not observed on the surfaces of the membrane indicating that the stability of the 
membranes was not altered[190]. From the cross-section morphology (Figure 4.10), a 
porous skin with finger-like structure and dense sublayer were observed which a typical 
structure of asymmetric membranes [127], [128]. This implies that the mechanism of 
PES membranes formation was not altered by the incorporated graphene-based 
nanocomposite. Increased membranes micro-pores and macro-void were observed as 
the concentration (Wt. %) of the graphene-based nanomaterial increased in the PES 
matrix. This could be attributed to the effect of the incorporated hydrophilic and charge 
functional groups (C=O, C-O, OH, CN, NH, and Ag groups) present on the basal planes 
and edges of the unmodified and modified GO nanosheets. These observations are in 
good agreement with literature that incorporation of hydrophilic and charged functional 
groups into a base polymer matrix such as PES and PVDF polymers during membranes 
formation promotes hydrophilic properties of the modified membranes[165], [168], [196], 
[210]. 
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Figure 4.10A: In a parallel line, cross-section, surface morphology and EDS of p) 
unmodified PES membrane, P1a-P1c) GO@PES membranes. 
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Figure 4.10B: Cross-section, surface morphology and EDS of; P2a-P2c): 
HPEI/GO@PES, P3a-P3c): AgNPs/HPEI/GO@PES membranes. 
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4.4.2 Water sorption capacity of the unmodified and modified PES membranes 
Figure 4.11 presents the water sorption capacity of the unmodified and modified PES 
membranes and the data statistics for this is presented in Appendix 1 Table A2-A. The 
water sorption capacity of the unmodified PES membranes was improved from 
65%±0.98 to the range of 74%±1.11 to 75%±1.13 for the series GO@PES membranes, 
followed by the series of HPEI/GO@PES membranes (in the range of 69%±1.04 to 
70%±1.12) and the series of AgNPs/HPEI/GO@PES membranes in the range of 
68%±1.02 to 69%±1.06). This implies that the pure water permeability would be higher 
in GO@PES membranes followed by HPEI/GO@PES membranes and 
AgNPs/HPEI/GO@PES membranes and that the salt selectivity of the modified 
membranes would be in reversed order[202], [70]. This is because membranes with 
high water permeability tend to have less selectivity and vice versa. More so, the 
incorporation of charged and hydrophilic groups into the polymer matrix would increase 
its pure water permeability and reduce the salt selectivity and vice versa. Because of 
this, control of polymer modification becomes a necessity[8], [166], [211]. More so, 
water sorption capacity of the prepared unmodified and modified PES membranes was 
initially used to evaluate the water and salt transport relationship of the prepared PES 
membranes in its swollen state. This is because water uptake plays a significant role in 
determining the transport properties of polymeric membranes[202].  
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Figure 4.11: Water uptake of the unmodified and modified PES membranes. 
4.4.3 AFM analysis 
Figure 4.12 presents the surface roughness parameter of the unmodified and modified 
PES membranes. The surface roughness parameters of the unmodified and modified 
PES membranes were examined at the scan size of 10 µm by 10 µm. The mean 
roughness (Ra) and the mean square of the Z data (Rq) are shown in Table 4.2. The 
unmodified PES membranes display the highest roughness values of 61.39 nm which 
was observed to decline to the range of 14 nm to 11 nm for the series of GO@PES 
membranes, 11 nm to 9 nm for the series of HPEI/GO@PES membranes, and 15 nm to 
8 nm for the series of AgNPs/HPEI/GO@PES membranes. This analysis was initially 
used to examine the antifouling propensity of the prepared membranes. The significant 
decrease in surface roughness of the modified PES membranes is an indication that the 
trapping of foulants on membranes surfaces would be greatly reduced[194]. The 
obtained results are in good agreement with the SEM surface morphology presented in 
Figures 4.10A and 4.10B. 
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Table 4.2: AFM roughness data of the unmodified and modified PES membranes 
Membranes 
Identity 
Roughness parameters 
  
Ra(nm) Rq(nm) 
 
P 61.39 71.23 
 
P1a 14.49 19.76  
P1b 11.82 16.14  
P1c 10.81 13.78  
P2a 11.26 14.03  
P2b 10.91 14.17  
P2c 9.02 11.28  
P3a 14.84 22.42  
P3b 12.14 15.32  
P3c 8.67 10.83  
 
p3c
a
p2c
 
Figure 4.12: AFM images of the unmodified and modified PES membranes. 
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4.4.4 Contact angle analysis 
Figure 4.13 presents the contact angle value of the unmodified and modified PES 
membranes. The contact angle value of the unmodified PES membranes was 
decreased from 76°±1.14 to the range between 63°±0.5 and 56°±0.65, 67°±0.72 and 
58°±0.61, and 69°±0.83 and 64°±0.76 for the series of GO@PES, HPEI/GO@PES, and 
AgNPs/HPEI/GO@PES membranes respectively. This significant decrease in contact 
angle value can be attributed to the presence of the incorporated hydrophilic and charge 
functional groups such as C=O, C-O, OH, CN, and NH present on the surface of the GO 
nanosheets[212], [213]. Contact angle measurements were used in this study to 
evaluate the surface hydrophilicity of the prepared PES membranes. The obtained 
results also indicated the order of the improved hydrophilicity of the modified PES UF 
membranes. Various studies reported in membranes literature proved that hydrophilic 
membranes exhibit smaller water contact angle value compared to hydrophobic 
membranes materials due to the incorporation of hydrophilic functional groups[214]. 
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Figure 4.13: Contact angle of the unmodified and modified PES membranes. 
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4.4.5 Pure water permeability study 
Figure 4.14 presents the pure water flux of the unmodified and modified PES 
membranes and the data statistics for the pure water and BSA flux, and total fouling 
statistics are presented in Appendix 1 Table A1-A. To recall, the hydraulic performances 
of the prepared PES membranes were evaluated by subjecting the membranes to pure 
water flux studies using the dead-end cell filtration system. Each membrane was 
mounted and pre-compacted in the dead-end cell equipped with nitrogen gas. The pure 
water fluxes were conducted at 300 kpa driven pressure. The BSA, organic dyes and 
heavy metal ion rejections were conducted at 150 kpa operating pressure equipped with 
a magnetic stirrer to mitigate the effect of concentration polarization of the BSA, dyes or 
heavy metal ion solution on the membrane's surface. 
It was here in observed that the pure water flux of the unmodified PES membranes was 
improved from 35±0.52 L/m2h to the range of 77±0.92 L/m2h to 120±1.44 L/m2h for the 
series of GO@PES membranes, 55±0.82 L/m2h to 89±1.33 L/m2h for the series of 
HPEI/GO@PES membranes, and 40±0.60 L/m2h to 50±0.75 L/m2h for the series of 
AgNPs/HPEI/GO@PES membranes. This improved in pure water flux of the modified 
PES membranes are in good agreement with the increase membrane’s micropores 
(SEM images Figures 4.10A and 4.10B) and the contact angle analysis (Figure 4.13). 
These observations could be attributed to the presence of the effect of the incorporated 
hydrophilic and charged functional groups (C-O, C=O, CN, NH and Ag groups) on the 
basal planes and edges of the GO nanosheets[214]. The obtained results are in good 
agreement with the findings of Xiang et.al. Who studied ‘polyethersulfone enwrapped 
graphene oxide porous particles for water treatment’ and concluded that the addition of 
hydrophilic graphene oxide improves the hydrophilicity of the resultant PES UF 
membranes[215]. 
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Figure 4.14: Pure water flux of the unmodified and modified PES membranes. 
4.4.6 Antifouling studies 
Figure 4.15 presents the flux recovery ratio (FRR) of the prepared PES membranes. 
The FRR was used to evaluate the rate of the flux recovery of the fouled PES 
membranes. The unmodified PES membranes showed the lowest FRR value of 
45%±0.9 after BSA filtration which could be due to high attachment of the BSA 
molecules on the membranes surface and micropores, resulting to formation of cake 
layer on the membranes surfaces, flux decline and shorter life span of the membranes 
films[168], [195]. The FRR value was improved to the range of 80%±1.60 to 90%±1.8 
for the series of GO@PES membranes, 72%±1.44 to 80%±1.62 for the series of 
HPEI/GO@PES membranes and 69%±1.38 to 70%±1.40 for the series 
AgNPs/HPEI/GO@PES membranes. The higher FRR values indicate improvement in 
the antifouling properties and life span of the modified PES membranes. The FRR ratio 
was observed to increase with increased concentration of the graphene-based 
nanomaterials in the PES matrix. 
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Figure 4.15: FRR of the unmodified and modified PES membranes. 
Figure 4.16 presents the total fouling resistance studies of the prepared unmodified and 
modified PES membranes. In order to study the fouling properties of the prepared PES 
membranes in details, the total fouling (Rt), reversible fouling (Rr) and the irreversible 
(Rir) parameters were used for this examination. The total fouling (Rt) ratio of a 
polymeric membrane is the sum of the Rr and Rir. The Rr indicates fouling caused by 
loose attachment of protein solution on the membrane's surface and pores which can be 
washed off by ordinary cleaning or backwashing, Rt indicates fouling caused by the tight 
attachment of the foulants on the membranes surface and pores which can only be 
washed off by chemical cleaning leading to progressively flux decline and membranes 
degradation with time and Rir indicates fouling caused by the permanent attachment of 
foulants which cannot be washed off, leading to total membranes degradation[190]. 
From the obtained results, the unmodified PES membrane is more prone to irreversible 
fouling. This membrane has the highest value of Rt 71%±1.42, Rir 54%±1.08 and the 
lowest Rr value of 17%±0.34. The Rt and Rir of the series of GO@PES membranes 
were decreased to the range of 65%±1.30 to 60%±1.2 and 15%±0.30 to 10%±0.21 
respectively while the Rr was improved to the range of 50%±1.00. A similar trend of 
decreased Rt, Rir and improve Rr values were observed for HPEI/GO@PES and 
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AgNPs/HPEI/GO@PES modified PES composite membranes as seen in Figure 4.16. 
This indicated that the modified PES membranes are less prone to fouling which would 
translate into the longer lifespan of the modified membranes. This effect was attributed 
to the presence of the incorporated hydrophilic and charge groups (C=O, C-O, CN, OH, 
Ag and NH). These findings are in agreement with the findings of Lin et.al.,[216], 
Safarpour et.al.[190], Ganesh et.al.[214], and Yu et.al.,[212] that the addition of 
hydrophilic groups into a base polymer matrix promotes membranes antifouling 
properties. 
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Figure 4.16: Total fouling studies of the unmodified and modified PES membranes. 
4.4.7 Heavy metals rejection study of unmodified and modified PES membranes 
Table 4.3 presents the data of the rejection studies of Pb2+, Cd2+, and Cr6+ in stimulated 
wastewater at pH6.0, pH6.8 and pH8.0 by the unmodified and modified PES 
membranes. As reported by Stumm et al., Van-wegner et al., and Geise et al. The pH of 
natural water, falls within the range of pH5.5 and pH8.0. For this reason, membranes 
desalination are often characterised at pH ranging from pH6.5 to pH8.0. At this pH, SO2 
and C=O functional groups will dissociate, the OH groups will not dissociate and the NH 
functional groups will not protonate[211], [217], [218]. Rejections of Pb2+, Cd2+, and Cr6+ 
at this different pH were observed to follows the order of Pb2+ ˃ Cr6+ ˃ Cd2+. These 
variations in rejection capacities of the divalent cations (Pb2+ and Cd2+) as manifested in 
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the experiments could be ascribed to the differences in the ionic radii of the metal ions. 
The ionic radius of Pb2+ is 119 pm, Cd2+ is 97 pm. Cr6+ is present in its oxide state which 
could be the reason why it’s rejection was higher compared to Cd2+ [219]. 
Table 4.3: Rejections studies of Pb2+, Cd2+, and Cr6+ by the unmodified and modified 
PES membranes. 
          PES         
Membranes 
Identity 
Initial 
conc. 
Final 
conc. 
REJ 
(%) 
Initial 
conc. 
Final 
conc. 
REJ 
(%) 
Initial 
conc. 
Final 
conc. 
REJ 
(%) 
  
PH6.0 
  
PH6.8 
  
PH8.0 
      Lead     
P 20.89 4.83 83 18.94 1.61 92 14.69 3.55 76 
P1a 
 
3.03 90 
 
1.47 90 
 
2.42 82 
p1b 
 
6.55 77 
 
2.13 89 
 
4.76 68 
p1c 
 
6.85 76 
 
1.82 90 
 
5.50 63 
P2a 
 
1.60 95 
 
1.69 91 
 
3.29 78 
P2b 
 
3.00 90 
 
1.57 92 
 
2.96 80 
P2c 
 
5.05 83 
 
1.16 94 
 
2.31 84 
P3a 
 
2.34 92 
 
1.13 94 
 
1.64 89 
P3b 
 
4.06 87 
 
1.23 94 
 
1.84 88 
P3c 
 
8.11 72 
 
1.39 93 
 
3.06 79 
     
Cadmium 
    P 35.37 15.17 54 48.67 20.71 58 35.62 11.50 67 
P1a 
 
17.69 50 
 
12.3 75 
 
9.85 72 
p1b 
 
17.59 50 
 
13.08 73 
 
13.97 61 
p1c 
 
20.5 42 
 
11.83 63 
 
14.54 59 
P2a 
 
17.8 50 
 
11.82 70 
 
11.19 67 
P2b 
 
18.91 47 
 
11.44 77 
 
10.53 70 
P2c 
 
20.72 41 
 
8.74 82 
 
6.64 81 
P3a 
 
12.58 64 
 
6.50 87 
 
7.83 78 
P3b 
 
14.48 59 
 
15.99 67 
 
10.28 71 
P3c 
 
15.27 57 
 
20.11 59 
 
11.33 68 
     
Chromium 
   P 35.13 15.04 59 38.7 12.65 67 31.56 9.05 71 
P1a 
 
17.11 51 
 
8.28 79 
 
8.13 74 
p1b 
 
17.16 51 
 
8.15 79 
 
11.13 67 
p1c 
 
20.01 43 
 
11.83 69 
 
12.23 61 
P2a 
 
16.55 53 
 
8.95 77 
 
9.03 71 
P2b 
 
17.99 49 
 
7.20 81 
 
8.11 74 
P2c 
 
18.98 46 
 
5.76 85 
 
5.23 83 
P3a 
 
9.01 74 
 
4.35 89 
 
5.72 82 
P3b 
 
14.16 60 
 
9.37 76 
 
8.63 73 
P3c 
 
14.53 59 
 
14.12 64 
 
9.27 71 
*P (PES MEMB), P1a, p1b, and p1c (series of GO@PES MEMB), P2a, p2b, and p2c (series of HPEI/GO@PES MEMB), 
and P3a, p3b, and p3c (series of AgNPs/HPEI/GO@PES membrane) 
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4.4.7.1 Bench scale rejections of Pb2+, Cd2+, and Cr6+ at pH6.0 
At pH6.0 as presented in Figure 4.17, the rejection of Pb2+ was improved from 
82%±1.23 for the unmodified PES membranes to the range of 90%±1.35 to 95%±1.43 
for the series of all the graphene-based modified PES membranes. The rejection of 
Cd2+ and Cr6+ for the series of GO@PES and HPEI/GO@PES membranes were lesser 
(51%±0.77 of Cd2+ and 53%±0.78 of Cr6+) compared to the unmodified PES 
membranes (55%±0.83 of Cd2+ and 59%±0.89 of Cr6+) and higher for 
AgNPs/HPEI/GO@PES membranes (67%±1.01 of Cd2+ and 75%±1.13 of Cr6+) These 
variations in rejection capacity of membranes could be attributed to the effect of the 
acidic aqueous wastewater on the membranes surface. Rejections capacities of the 
modified PES membranes declined with increased weight concentration of graphene-
based nanomaterials in PES matrix (from 0.1 wt.% to 0.2 wt.%) which could be 
attributed to the increased membrane’s micropores as seen in Figure 4.10. It could be 
said that at this pH, rejection of metal ion is predominantly determined by size 
exclusion. This is because the incorporated NH groups will not protonate, OH, C=O, and 
CN groups will not be dissociated as stated earlier[219]. These observations of 
decreased in membranes rejection capacity as a result of the increased membrane 
micropores are in line with the findings of Bellona et.al.[146], Thomas et.al.[220] and 
Zhao et.al.[221]. 
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Figure 4.17: Rejections at pH6.0 by the unmodified and modified PES membranes. 
4.4.7.2 Rejections of Pb2+, Cd2+, and Cr6+ at pH6.8 and pH8.0 
Figures 4.18 and 4.19 present the rejections of Pb2+, Cd2+, and Cr6+ at pH6.8 and 
pH8.0. Generally, rejection capacities of the prepared PES membranes (unmodified and 
modified MEMB) at this pH were observed to be higher compared to the membranes 
rejection capacities at pH6.0. At pH6.8 and pH8.0, increased weight concentration of 
GO nanosheets and AgNPs/HPEI@GO composite from 0.10 wt.% to 0.20 wt% in the 
PES matrix decreased the ability of the modified membranes to reject metal ion from the 
polluted water (Figure 4.18 and 4.19) which is a similar trend in metal ion rejection 
capacities observed at pH6.0. Nevertheless, increased weight concentration of 
HPEI@GO composite in the PES matrix at pH6.8 and pH8.0 increased the ability of the 
modified membranes to reject metal ion from the polluted wastewater. The rejection 
capacity of the HPEI/GO@PES membranes were improved from 90%±1.35 to 
95%±1.71 of Pb2+, 77%±1.39 to 85%±1.53 of Cr6+ and 69%±1.24 to 81%±1.46 of Cd2+ 
at pH6.8 and 78%±1.40 to 84%±1.51 of Pb2+, 67%±1.21 to 78%±1.4 of Cd2+, 71%±1.28 
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to 83%±1.5 of Cr6+ at pH8.0. This effects could be attributed to increased  dissociation 
effect of CN groups which in turn avails more carboxylate ion to interact with the metal 
ion pollutants thereby increasing the membrane’s metal ion binding strength, its ion 
exchange capacity and making the membranes to be more positively charged[202], 
[222], [203], [70]. The obtained results are in good agreement with the findings in. Bala 
et.al.,[194].on the variation in binding strength of the carboxylic acid group with different 
divalent metals by the Arachidic acid thin film and concluded that the variation in the 
binding strength of carboxylic acids is in order of Ca2+ ˃ Co2+ ˃ Pb2+ ˃ Cd2+. It could be 
further explained that carboxylic acid (C=O) groups been a weak acid with positive pKa 
value of 4.8 will ionise upon exposure to water (depending on the pH of the aqueous 
solution) and act as a binding site for heavy metal ions[194]. Its extent of dissociation in 
aqueous solution is relatively small compared to the degree of dissociation of a less 
positive carboxamides (CN) groups of pKa -0.5 [211]. The more positive the pKa value, 
the smaller its extent of ionization and vice visa[166], [203]. This implies that the degree 
of the ionisation of the CN group upon exposure to water at the pH of membranes 
desalination is higher compared to the ionisation of the C=O functional groups. 
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Figure 4.18: Rejections at pH6.8 by the unmodified and modified PES membranes. 
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Figure 4.19: Rejections at pH8.0 by the unmodified and modified PES membranes. 
4.4.7.3 Effect of pH on the rejection capacity of Pb2+, Cd2+, and Cr6+ 
Figure 4.20 presents the effect of pH on membranes performance during wastewater 
treatment. The pH of wastewater has significant influences on the performance of the 
prepared unmodified and modified PES membranes. With increased graphene-based 
nanomaterial concentration in the PES matrix, the capacity of the prepared membranes 
to reject metal ions was enhanced from pH6.0 to pH6.8 and decline slightly at pH8.0. 
These observations in the rejection capacity of the modified PES membranes at this pH 
could be attributed to the increase and decrease in ionisation effect of the incorporated 
C=O, and CN groups and SO2 groups as discussed earlier. This effect enhanced the 
chemical nature of the modified PES membranes. The observed optimum pH for metal 
ion rejection in this study is pH6.8 and the best performing graphene base material is 
HPEI@GO composite as a result of the presence of CN and cationic NH groups on the 
surface of the GO nanosheets. 
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Figure 4.20: Effect of pH on the rejection of Pb2+, Cd2+, and Cr6+by the unmodified and 
modified PES membranes. 
4.5 Characterisation of HPEI2/GO@PES and AgNPs/HPEI2/GO@PES 
membranes 
The influence of increased HPEI component in HPEI2/GO@PES and 
AgNPs/HPEI2GO@PES nanocomposite membranes were examined by subjecting the 
membranes to water uptake, SEM and EDS, AFM, pure water flux, antifouling and 
heavy metals rejection studies. For easy reference, the series of HPEI2/GO@PES are 
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labelled P1, P2, and P3. These membranes were compared in parallel in every 
evaluation to the series of HPEI/GO@PES (P2a, P2b and P2c) membranes. The series of 
AgNPs/HPEI2/GO@PES membranes were labelled p3, p4, and p5. These membranes 
were also compared in parallel to the series of AgNPs/HPEI/GO@PES membranes 
(P3a, p3b, and p3c). 
4.5.1 SEM-EDS of HPEI2/GO/PES and AgNPs/HPEI2/GO@PES membranes 
Figure 4.21 presents the cross-section, surface morphology and EDS analysis prepared 
HPEI2/GO/PES and AgNPs/HPEI2/GO@PES membranes. It could be observed that 
increased HPEI content have no negative impact on membranes formation since the 
membranes exhibit smooth surfaces without cracks or agglomerations as observed and 
discussed earlier. From the cross-section images, increased in membranes micropores 
and microvoids were visibly observed comparing the series of HPEI2/GO/PES to the 
series of HPEI/GO/PES membranes and the series of AgNPs/HPEI2/GO@PES to the 
series of AgNPs/HPEI/GO@PES membranes. These effects could be attributed to 
increased NH functional groups on the surface of GO nanosheets. 
Chapter 4: The antibacterial activities and effect of graphene-based composite modified PES membranes for the 
removal of Pb
2+
, Cd
2+
 and Cr
6+
 from stimulated wastewater 
77 
P6
 
Figure 4.21: SEM-EDS of HPEI2/GO@PES, AgNPs/HPEI2/GO@PES membranes. 
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4.5.2 Water uptake of HPEI2/GO@PES and AgNPs/HPEI2/GO@PES membranes 
Figure 4.22 presents the water uptake ability of the HPEI2/GO@PES and 
AgNPs/HPEI2/GO@PES nanocomposite membranes and the data statistics for this is 
presented in Appendix 1 Table A2-B. The difference in water sorption ability of series of 
HPEI2/GO@PES to the series of HPEI/GO@PES membranes is 1% and that of the 
series of AgNPs/HPEI2/GO@PES to the series of could also as increased membranes 
micropores AgNPs/HPEI/GO@PES are 2% to 3%. This implies that polymer swollen in 
the wet state was in good control. 
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Figure 4.22: Water uptake of HPEI2/GO@PES, AgNPs/HPEI2/GO@PES membranes. 
4.5.3 AFM of HPEI2/GO@PES and AgNPs/HPEI2/GO@PES membranes 
Figure 4.23 presents the AFM surface roughness analysis of HPEI2/GO@PES and 
AgNPs/HPEI2/GO@PES membranes. Comparing the surface roughness character of 
the series of HPEI2/GO@PES membranes to the series of HPEI/GO@PES membranes 
as shown in Table 4.4, the surface roughness was reduced by 1 nm as the weight of the 
modifier (HPEI2@GO) increased in the PES matrix. Comparing the surface roughness 
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data of the series of AgNPs/HPEI2/GO@PES membranes to the series of 
AgNPs/HPEI/GO@PES membranes, the roughness data was further raised by the 
range of 28 to 18 nm. This implies that the antifouling fouling properties of the former 
membranes would be better than later. These effects in the surface roughness 
parameters could also be attributed to an increase in HPEI content in the PES matrix. 
Table 4.4: AFM data of HPEI2/GO@PES and AgNPs/HPEI2/GO@PES membranes 
Membranes 
Identity 
Roughness parameters 
  
Ra(nm) Rq(nm)   
P 61.39 71.23 
 P1 27.16 60.5 
 P2 9.67 13.45 
 P3 7.35 9.31 
 P4 42.79 55.78 
 P5 37.57 50.59 
 P6 27.11 50.33   
 
 
Figure 4.23: AFM images of HPEI2/GO@PES, AgNPs/HPEI2/GO@PES membranes. 
Chapter 4: The antibacterial activities and effect of graphene-based composite modified PES membranes for the 
removal of Pb
2+
, Cd
2+
 and Cr
6+
 from stimulated wastewater 
80 
4.5.4 Contact angle of HPEI2/GO@PES and AgNPs/HPEI2/GO@PES membranes 
The surface wettability of HPEI2/GO@PES and AgNPs/HPEI2/GO@PES membranes 
were examined using the contact angle measurement as presented in Figure 4.24. It 
was observed that the contact angle values of the series of HPEI2/GO@PES 
membranes were further decreased to a range of 61%±0.98 to 56%±0.90 compared to 
the series of HPEI/GO@PES membranes. Decrease of 72%±1.15 to 65%±1.04 in 
contact angle values was observed for the series of AgNPs/HPEI2/GO@PES 
membranes compared to the series of AgNPs/HPEI/GO@PES membranes. The 
obtained results are in agreement with the results obtained for the water sorption 
analysis. 
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Figure 4.24: Contact angle of HPEI2/GO@PES, AgNPs/HPEI2/GO@PES membranes. 
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4.5.5 Pure water flux of HPEI2/GO@PES and AgNPs/HPEI2/GO@PES membranes 
Figure 4.25 presents the hydraulic performance of HPEI2/GO@PES and 
AgNPs/HPEI2/GO@PES membranes and the data statistics for the pure water and BSA 
flux, and total fouling statistics are presented in Appendix 1 Table A1-B. The difference 
in pure water flux observed for the series of HPEI2/GO@PES and HPEI/GO@PES 
membranes were in the range of 3 L/m2h and 1 L/m2h for p1, p2, p1a, and p2a 
membranes. But p3a membranes is 5 L/m
2h higher compared to the p3 membranes. The 
permeability of the series of AgNPs/HPEI/GO@PES membranes is higher by the range 
of 11 L/m2h and 14 L/m2h compared to the series of AgNPs/HPEI/GO@PES 
membranes. The obtained results are in good standing with the contact angle and water 
uptake analysis. Contact angle and pure water flux have an inverse parallel relation as 
reported numerously in membranes literature[190], [223]. 
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Figure 4.25: pure water flux of HPEI2/GO@PES, AgNPs/HPEI2/GO@PES membranes. 
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4.5.6 FRR of HPEI2/GO@PES and AgNPs/HPEI2/GO@PES membranes 
From the FRR results as presented in Figure 4.26, series of HPEI2/GO@PES 
membranes displayed improved FRR values of 5% and 9% higher compared to the 
series of HPEI/GO@PES membranes. AgNPs/HPEI/GO@PES membranes display 
improved flux recovery of 2%, 8%, and 4% higher compared to the series of 
AgNPs/HPEI/GO@PES membranes. This implies that the fouled membranes can easily 
be washed off by direct soaking in water or backwashing. Improve in pure water flux 
decreases the fouling propensity of polymeric porous membranes[214]. 
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Figure 4.26: FRR of HPEI2/GO@PES and AgNPs/HPEI2/GO@PES membranes. 
4.5.7 Rejections of HPEI2/GO@PES and AgNPs/HPEI2/GO@PES membranes 
Rejections studies of Pb2+, Cd2+, and Cr6+ by HPEI2/GO@PES and 
AgNPs/HPEI2/GO@PES membranes were conducted at the conditions used in section 
4.4.7 of this study. Table 4.5 presents the rejections data at pH6.0, pH6.8, and pH8.0. 
Rejections capacities were generally observed to follow the order of Pb2+, Cr6+ and Cd2+ 
as observed in section 4.4.7 previously. 
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Table 4.5: HPEI2/GO@PES and AgNPs/HPEI/GO@PES membranes metals rejection 
     
PES 
    Membranes 
Identity 
Initial 
Conc. 
Final 
Conc. 
REJ 
(%) 
Initial 
Conc. 
Final 
Conc. 
REJ 
(%) 
Initial 
Conc. 
Final 
Conc. 
REJ 
(%) 
 
  PH6 
  
PH6.8 
  
PH8 
      Lead     
P1 20.89 2.4 92 18.94 1.99 90 14.69 3.53 76 
P2 
 
5.36 82 
 
1.71 91 
 
3.42 77 
P3 
 
4.05 86 
 
1.46 92 
 
2.17 85 
P4 
 
1.5 95 
 
0.86 95 
 
1.28 91 
P5 
 
1.31 96 
 
1.03 95 
 
1.31 91 
P6 
 
5.74 80 
 
1.25 93 
 
2.27 85 
     
Cadmium 
    P1 35.37 18.21 49 48.67 10.82 78 35.62 12.14 66 
P2 
 
18.29 48 
 
9.49 81 
 
10.56 70 
P3 
 
21.26 40 
 
7.73 84 
 
7.51 80 
P4 
 
13.75 61 
 
11.67 76 
 
8.02 78 
P5 
 
17.61 58 
 
13.51 72 
 
10.01 72 
P6 
 
14.77 50 
 
20.51 58 
 
11.14 69 
     
Chromium 
   P1 35.13 17.23 67 38.7 6.4 83 31.56 9.29 71 
P2 
 
17.18 51 
 
5.71 85 
 
8.9 72 
P3 
 
19.99 43 
 
4.71 88 
 
5.74 82 
P4 
 
13.85 61 
 
7.88 80 
 
6.72 79 
P5 
 
14.49 59 
 
9.6 75 
 
8.21 74 
P6 
 
16.72 52 
 
16.03 59 
 
8.93 72 
p1, p2, and p3 (series of HPEI2/GO@PES memb.), and p4, p53b, and p6 (series of AgNPs/HPEI2/GO@PES memb.) 
Figure 4.27 (A to C) present the rejections studies of Pb2+, Cd2+, and Cr6+ at pH6.0, 
pH6.8 and pH8.0 by the series of HPEI2/GO@PES and AgNPs/HPEI2/GO@PES 
membranes. At pH6.0, pH6.8 and pH8.0, rejections capacities of the series of 
AgNPs/HPEI2/GO@PES membranes declined with increased concentration of the 
graphene-based modifier (AgNPs/HPEI2@GO) in the PES matrix. Consequently, 
resulting in the observed increased in membranes micropores and macro void seen in 
the SEM cross-section images (Figure 4.21) a similar rejection pattern was observed for 
HPEI2/GO@PES membranes at pH6.0. But the reverse was the case for the 
HPEI2/GO@PES membranes. At pH6.8 and pH8.0 rejections capacities for 
HPEI2/GO@PES membranes were enhance with increased concentration of the 
graphene-based modifiers in the PES matrix. A similar trend in the rejection pattern 
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observed for HPEI/GO@PES and AgNPs/HPEI/GO@PES membranes at pH6.8 and 
pH8.0. 
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Figure 4.27: Rejections of Pb2+, Cd2+, and Cr6+ at (A) pH6.0, (B) pH6.8, and (c) pH8.0. 
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4.6 Antibacterial testing of GO nanosheets and GO composite 
Table 4.6 presents the summary of the results obtained for the minimum inhibitory 
concentration of the synthesised GO nanosheets, HPEI@GO, AgNPs/HPEI@GO, 
HPEI2@GO and AgNPs/HPEI2@GO composite are labelled as C1, C2, C3, C4, and C5 
respectively for easy reference on three different bacteria strains of: E coli, K 
pneumonia, and S aureus .in three different dosages. Each dosage (labelled 2x, 4x, 8x, 
and 16x) for each microbe was examined twice to ascertain the accuracy of results. The 
results for each microbe are partly attached to each other in the well microtitre plates as 
seen in the images (Figures 4.28 to 4.31) 
Table 4.6: the antibacterial activities of the synthesis graphene-based nanomaterials 
Bacteria strains C1 
(mg/ml) 
C2 
(mg/ml) 
C3 
(mg/ml) 
C4 
(mg/ml) 
C5 
(mg/ml) 
Streptomycin positive 
control (mg/ml) 
E coli 8 16 >16 8 8 0.125 
K pneumonia 8 >16 >16 4 4 0.125 
S aureus 4 >16 >16 4 4 0.125 
 
Figure 4.28 presents the minimum inhibitory results of GO nanosheets. The GO 
nanosheets showed inhibitory activity against S aureus at 4 mg/ml and at 8 mg/ml for K 
pneumonia and E coli as indicated by the colour changes. This could be attributed to 
the large surface area of GO nanosheets as observed in Table 4.1, section 4.2.4.for 
BET analysis Zheng et.al. Most recently studied the antibacterial activities of GO 
prepared by the oxidation of graphite and concluded the GO have improved 
antibacterial activities[224]. 
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Figure 4.28: The inhibitory effect of GO nanosheets on different microbes. 
Figure 4.29 and partly Figure 4.30 presents the minimum inhibitory results of HPEI@GO 
and AgNPs/HPEI@GO composite. The composite showed no inhibitory effects against 
the different bacteria strains at 16 mg/ml which was the highest concentration used in 
this study. ‘>16 mg/ml’ as seen in Table 4.6 simply means that the composite did not 
exhibit any inhibitory effect against the microbes at 16 mg/ml which was the highest 
concentration used in this study. The obtained results could be attributed to the coating 
of HPEI on the surface GO nanosheets as a result to which the surface area composite 
was much reduced (from 315.24 m2/g fro GO nanosheets to 3.90 m2/g for HPEI@GO 
composite) as seen in the BET analysis. Although PEI and AgNPs and their composite 
have been reported in the literature as a good antimicrobial agent[212], [188] 
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C2 C3  
Figure 4.29: The inhibitory effects of HPEI@GO and AgNPs/HPEI@GO composite 
against different microbes 
Figures 4.30 and 4.31 present the minimum inhibitory concentration of HPEI2@GO and 
AgNPs/HPEI2@GO composite. The composite showed inhibitory effects against S 
aureus and K pneumonia at 4 mg/ml and E coli at 8 mg/ml, as indicated by the colour 
change in the well micro-titre plate. The antimicrobial effects of HPEI2@GO and 
AgNPs/HPEI2@GO composite were restored and improved by increased concentration 
of HPEI on the surface of GO nanosheets. As a result of which more CN and cationic 
NH groups were made available on the surface of GO nanosheets coupled to the 
presence of AgNPs[56]. The result obtained in this study is in agreement with the recent 
studies of Yu et al. who studied the antibacterial activities of HPEI-GO/PES membranes 
and concluded that the membranes modified HPEI exhibit good antibacterial 
effects[212] and the findings of Sambaza et.al.,[188]. More so, MICs are used as the 
ultimate standard to judge all other methods of susceptibility testing of microorganisms 
to antimicrobial activities to ascertain the accuracy of results since the disc diffusion 
method is not 100% precise and reliable[225]. 
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Figure 4.30: The inhibitory effects of HPEI2@GO composite against different microbes. 
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Figure 4.31: The inhibitory effects of AgNPs/HPEI2@GO composite against different 
microbes. 
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Conclusions 
Graphene oxide was successfully synthesised, coated with HPEI and dope with AgNPs. 
The FTIR and SEM-EDS characterisation revealed the chemical nature and the 
presence of the hydrophilic and positively charged amine functionalities on the surface 
of the graphene oxide nanosheets. The synthesized graphene-based nanomaterials 
exhibit inhibitory microbial effects against different microbes due to the large surface of 
the GO nanosheets and the presence of various oxygenated. The declined microbial 
effect of HPEI@GO and AgNPs/HPEII@GO composite could be as a result of the 
decreased surface area of the composite materials. The inhibitory effect was restored 
with increased HPEI content on the surface of GO nanosheets for HPEI2@GO and 
AGNPs/HPEI2@GO composite due to an increased presence of the cationic amine 
functionalities conferred onto the surface of the GO nanosheets. The mixed matrix 
membranes incorporated graphene base modifiers displayed improve pure water flux, 
antifouling properties and rejection capacity. These improvements in performance could 
be attributed to the integrated hydrophilic and charge functionalities. The observed 
improvement in the rejection capacity of the positively charged HPEI/GO@PES 
composite membrane could be attributed to the following: Electrostatic interaction of the 
positively charged heavy metal ions and cationic NH groups on the surface of the GO 
nanosheets, increased ionization effect of the carboxamides groups at various pH as 
results of which more carboxylate ions are availed to interact with heavy metal 
pollutants thereby making the membrane surface more positively charged and 
improving the rejection capacity of the membrane. The improved pollutants rejections in 
this study by the prepared PES membrane were by donnan and size exclusion. 
Increasing the concentration of HPEI by 0.14 mg improved the membrane pure water 
flux and antifouling properties through improved flux recovery. 
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CHAPTER 5:  
GRAPHENE BASE MODIFIED PVDF MEMBRANE FOR THE REMOVAL 
OF Pb2+, Cd2+, and Cr6+ FROM WASTEWATER 
 
 
5.1 Introduction 
Polyvinylidene fluoride (PVDF) is one of the most capable polymer materials used for 
wastewater treatment in line for its outstanding mechanical strength, thermal stability, 
chemical resistance, and physical durability [226], [227]. Nevertheless, the inborn 
hydrophobicity of PVDF membrane makes it prone to fouling during wastewater 
separation processes [228], [229]. Consequently, hydrophilic modification of PVDF 
membrane becomes a necessity in mandate to mitigate membrane fouling and develop 
membrane surfaces with desired properties. 
PVDF membrane separation process has been used extensively in conventional 
wastewater treatment process cutting down operation cost and improving the quality of 
treated effluent compared to other conventional wastewater treatment process. More 
so, the high cost of membrane material, replacement and maintenance due to severe 
membrane fouling tends to hinder wider range of membrane application [230]–[232]. 
Membrane fouling could result as the deposition or adsorption of organic and inorganic 
solutes and microbial pollutants on the membrane surfaces or into the membrane 
micropores and walls [231], [232]. Fouling is proven in membrane literature to be more 
severed in hydrophobic polymer membranes such as PES and PVDF and less in 
hydrophilic [244]. To this effect, membrane modification has been tailored on increasing 
membrane hydrophilicity through numerous membrane modification techniques as 
stated earlier [227], [232]. 
The objective of this research is to develop positively charged PVDF membrane by 
incorporating GO nanosheets, HPEI@GO and AgNPs/HPEI@GO composite. To 
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synthesise membrane with brilliant surface hydrophilicity, improved antifouling 
properties, and ’rejection capacities for practical applications of PVDF membrane in 
wastewater. 
5.2 Characterisation of PVDF membrane 
The prepared unmodified and graphene-based (GO nanosheets, and GO composite) 
modified PVDF membrane were characterized using various techniques such as 
contact angle, SEM-EDS, Water uptake, AFM, pure water flux and heavy metal 
rejections and antifouling studies as reported in chapter three earlier. 
5.2.1 SEM-EDS of the prepared PVDF membrane 
Figures 5.1A and 5.1B present the cross-section, surface morphology and EDS analysis 
of prepared unmodified and modified PVDF membrane. From the cross-section 
morphology, membranes with finger-like porous structure and much-thick sublayer were 
observed in all the prepared PVDF membrane. This was identified as an asymmetric 
membrane structure [172]. From the SEM-EDS analysis, the membrane was composed 
of C, O, N, and Ag which were uniformly dispersed in the PVDF matrix. The membrane 
micropores and voids were observed to increase with increased concentration of the 
graphene-based nanomaterials in the PVDF matrix. It was also observed that the 
inherent surface roughness of the PVDF membrane was decreased by the incorporation 
of the synthesised graphene-based nanomaterials. The rough surface of the PVDF 
membrane becomes smoother as the weight concentration of the graphene-based 
nanofillers increased in the PVDF matrix. This indicates that the trapping of foulants 
during water treatment is minimised which is an indication to improved antifouling 
properties [77]. The increased membrane's micropores and voids observed in the SEM 
images of the modified PVDF membrane is an indication of improved membrane 
hydrophilicity [37], [77]. The EDS elemental and mapping analysis displays uniform 
distributions of the incorporated GO nanosheets and GO composite. No cracks were 
observed on the prepared PVDF membrane with the exception of the PV6 membrane. 
The membrane tends to shrink when dried of water or moisture. 
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Figure 5.1A: SEM-EDS of the unmodified and the series of GO@PVDF and partly 
HPEI/GO@PVDF membrane. 
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Figure 5.1B: SEM-EDS of the series of HPEI/GO@PVDF and AgNPs/HPEI/GO@PVDF 
membrane. 
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5.2.2 Water uptake capacity of the prepared PVDF membrane 
Figure 5.2 presents the water sorption capacity of the prepared unmodified and 
modified PVDF membrane and the data statistics for this is presented in Appendix 1 
Table A2-C. It was observed that the modified PVDF membrane designate higher water 
sorption capacity compared to the unmodified PVDF membrane. Among the graphene-
based modifier. GO@PVDF membrane displayed the highest water sorption capacity 
followed by HPEI/GO@PVDF membrane and AgNPs/HPEI/GO@PVDF membrane. 
This indicates the order of improved hydrophilicity among the modified PVDF 
membrane [202], [233].  
50
55
60
65
70
75
80
85
W
a
te
r 
u
p
ta
k
e
 (
%
)
Membranes
pv      pv1 pv2 pv3     pv4 pv5 pv6    pv7 pv8 pv9      
 
Figure 5.2: water uptake of the unmodified and modified PVDF membrane. 
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5.2.3 AFM analysis of the prepared PVDF membrane 
Figure 5.3 presents the AFM surface roughness characterisation of the prepared 
unmodified and modified PVDF membrane at a scan size of 10 µm by 10 µm. Table 5.1 
presents the mean roughness (Ra) data and the mean square of the Z data (Rq) of the 
prepared PVDF membrane. The inherent roughness of the PVDF membrane was 
significantly decreased from 187 nm (Ra) to the range of 60 nm to 30 nm (Ra) for the 
series of GO@PES membrane, 79 nm to 31 nm (Ra) for by the series of 
HPEI/GO@PES membrane and 95 nm to 37 nm (Ra) for the series of 
AgNPs/HPEI/GO@PVDF membrane. This decline in roughness parameters of the 
PVDF membrane could be attributed to the integrated C=O, C-O, OH, CN and NH 
functionalities conferred on the GO nanosheets as discussed in Chapter 3. The 
obtained result is in good agreement with the SEM surface morphology in Figure 5.1. 
This also implies that foulants trapping on membrane surfaces would be significantly 
minimised. 
Table 5.1: AFM roughness data of unmodified and modified PVDF membrane 
Membrane 
Identity 
Roughness parameters 
  
 
Ra(nm) Rq(nm) 
 
PV 187.27 138.63 
 pv1 59.64 44.12 
 pv2 50.15 36.46 
 pv3 30.16 24.43 
 pv4 79.23 61.39 
 pv5 37.43 23.92 
 pv6 31.42 24.37 
 pv7 95.43 56.40 
 pv8 60.50 27.16 
 pv9 36.72 28.48 
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Figure 5.3: AFM images of the unmodified and modified PVDF membrane. 
5.2.4 Contact angle measurement of the prepared PVDF membrane 
Figure 5.4 presents the contact angle of the prepared unmodified and modified PVDF 
membrane. The surface hydrophilicity of the membrane was examined using the 
contact angle measurement. The contact angle value of the unmodified PVDF 
membrane was decreased from 75°±1.23 to the range of 58°±0.87, 55°±0.83 and 
50°±0.75 for the series of GO@PES membrane, 68°±1.09, 64°±1.02, and 61°±0.98 for 
the series of HPEI/GO@PES membrane, and 63°±1.01, 60°±0.96, and 58°±0.93 for 
AgNPs/HPEI/GO@PVDF membrane. It is well established in membrane literature that 
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incorporation of hydrophilic and charge functionalities groups such as C=O, OH, C-O, 
and NH. Reduces the contact angle value of hydrophobic polymers such as PES and 
PVDF and improves its hydrophilicity[190], [196], [226], [229] 
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Figure 5.4: Contact angle analysis of the unmodified and modified PVDF membrane. 
5.2.5 Pure water flux of the prepared PVDF membrane 
Figure 5.5 presents the pure water permeability study of the prepared PVDF membrane 
and the data statistics for the pure water and BSA flux, and total fouling statistics are 
presented in Appendix 1 Table A1-C. The hydraulic performance of the prepared 
unmodified and modified PVDF membrane was evaluated using the dead-end cell 
filtration system under the same conditions as discussed in Chapter 5. The pure water 
flux of the unmodified PVDF membrane was 42±0.67 L/m2h. This value was improved to 
the range of 95±1.52 to 150±2.4 L/m2h (been an improvement of 126% to 257% in pure 
water flux) for the series of GO@PES membrane, 79±1.3 to 102±1.6 L/m2h (been an 
improvement of 88% to 127% in pure water flux) for HPEI/GO@PES membrane, and 
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60±0.96 to 80±1.28 L/m2h (been an improvement of 43% to 90% in pure water flux). 
The obtained results are in agreement with findings of Xia et. al. that the incorporation 
of hydrophilic GO nanosheets improves PVDF membrane hydrophilicity [233]. 
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Figure 5.5: Pure water flux of the unmodified and modified PVDF membrane. 
5.2.6 Antifouling studies of the prepared PVDF membrane 
Figure 5.6 presents the flux recovery ratio of the prepared unmodified and modified 
PVDF membrane. The obtained data were used to evaluate the FRR of the fouled 
PVDF membrane. It was observed that the membrane water permeability declined 
following the replacement of the deionized water in the dead-end cell by the BSA 
protein solution. This could be due to the attachment of the protein molecule on the 
membrane surfaces and micropores leading to membrane pore blockage and shorter 
life time[196], [214]. The lesser FRR value of the unmodified PVDF membrane 
(48%±0.67) indicates high attachment of the protein molecule and shorter lifetime of the 
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PVDF membrane and the higher FRR value for the modified PVDF membrane indicates 
the opposite [168], [195] as seen in Figure 5.6. 
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Figure 5.6: FRR of the unmodified and modified PVDF UF membrane. 
Figure 5.7 presents the total fouling resistance studies of the prepared unmodified and 
modified PVDF membrane. The fouling parameters: Rt, Rr, and Rir are discussed in 
details in Chapter 4. The unmodified PVDF membrane was observed to be more 
susceptible to irreversible fouling having Rt, Rir, and Rr values of 74%±1.33, 53%±0.95, 
and 21%±0.38 respectively. For the series of GO@PVDF membrane, the Rt and Rir 
values were decreased to the range of 65%±1.17 to 56±1.02% and 20%±0.36 to 
7%±0.13 while the Rr values were improved to the range of 51±0.92 to 45%±0.81. A 
similar trend of decreased Rt, Rir and improved Rr values were observed for the series 
of HPEI/GO@PVDF and AgNPs/HPEI/GO@PVDF membrane. These findings indicate 
that the fouling incurred by the unmodified PVDF membrane could be reversed by 
backwashing or soaking in water (ordinary washing). The prepared modified PVDF 
membrane unveil progress to improve in the antifouling properties of the unmodified 
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PVDF membrane[36]. The observed results are in good standing with the SEM surface 
morphology and AFM roughness analysis. 
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Figure 5.7: Total fouling resistance studies of the unmodified and modified PVDF 
membrane. 
5.3 Heavy metals Ultrafiltration studies of the prepared PVDF membrane 
Metal ion rejection capacity of the prepared PVDF membrane was studied using of 
Pb2+, Cd2+ and Cr6+ polluted wastewater at pH6.0, pH6.8 and pH8.0 under the same 
conditions as discussed in chapter 4 section 4.4.7. Generally, the ability of the prepared 
PVDF membrane to reject metal ions follows the order Pb2+ ˃ Cr6+ ˃ Cd2+ as seen in 
chapter 4. 
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Table 5.2: Rejections of heavy metal ions by the prepared PVDF membrane 
          PVDF         
Membrane 
Identity 
Initial 
Conc. 
Final 
Conc. 
REJ 
(%) 
Initial 
Conc. 
Final 
Conc. 
REJ 
(%) 
Initial 
Conc. 
Final 
Conc. 
REJ 
(%) 
  
PH6 
  
PH6.8 
  
PH8.0 
      Lead     
PV 20.89 4.19 80 18.94 1.93 90 14.69 3.58 76 
PV1 
 
2.22 89 
 
1.9 90 
 
2.99 80 
PV2 
 
4.55 78 
 
1.85 90 
 
3.21 78 
PV3 
 
4.99 76 
 
1.91 90 
 
3.27 78 
PV4 
 
3.96 81 
 
1.24 93 
 
1.55 89 
PV5 
 
5.88 72 
 
0.98 95 
 
1.45 90 
PV6 
 
8.12 61 
 
0.79 96 
 
0.98 93 
PV7 
 
2.38 89 
 
0.6 97 
 
0.88 94 
PV8 
 
3.04 85 
 
0.65 97 
 
1.21 92 
PV9 
 
5.07 76 
 
0.54 97 
 
1.52 90 
     
Cadmium 
    PV 35.37 18.81 47 48.67 9.95 80 35.62 10.63 70 
PV1 
 
12.02 66 
 
8.98 82 
 
10.05 72 
PV2 
 
15.21 57 
 
11.52 77 
 
11.59 67 
PV3 
 
19.64 44 
 
14.48 70 
 
12.68 64 
PV4 
 
19.8 44 
 
12.47 74 
 
8.67 76 
PV5 
 
20.31 43 
 
12.16 75 
 
7.42 79 
PV6 
 
21.38 40 
 
11.58 76 
 
6.1 83 
PV7 
 
15.87 55 
 
8.38 83 
 
4.17 88 
PV8 
 
16.38 54 
 
16.01 67 
 
8.43 76 
PV9 
 
20.86 41 
 
16.09 67 
 
10.04 72 
     
Chromium 
   PV 35.13 17.79 49 38.7 6.19 84 31.56 8.66 73 
PV1 
 
11.59 67 
 
6.62 83 
 
8.29 74 
PV2 
 
14.5 59 
 
8.08 79 
 
9.56 70 
PV3 
 
18.61 47 
 
9.88 75 
 
10.59 66 
PV4 
 
18.55 47 
 
7.17 82 
 
5.74 82 
PV5 
 
19.77 44 
 
6.34 84 
 
4.44 86 
PV6 
 
20.84 41 
 
6.17 84 
 
3.48 88 
PV7 
 
12.93 63 
 
4.07 90 
 
2.76 91 
PV8 
 
15.31 56 
 
8.37 78 
 
3.09 90 
PV9 
 
18.12 48 
 
9.53 75 
 
5.08 84 
PV (PVDF MEMB), pv1, pv2, and pv3 (series of GO@PVDF MEMB), pv4, pv5, and pv6 (series of HPEI/GO@PVDF 
memb.), and Pv7, pv8, and pv9 (series of AgNPs/HPEI/GO@PVDFmemb.) 
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Figure 5.8 presents the rejection capacities of the unmodified and modified PVDF 
membrane at pH6.0. It was observed herein that the membrane rejections ability for 
GO@PVDF, HPEI/GO@PVDF and AgNPs/HPEI/GO@PVDF membrane declined with 
increased weight concentration of the graphene base modifiers (from 0.1wt% to 
0,2wt%) in PVDF matrix. This could be attributed to increased membrane micro-pores 
(Figure 5.1). This is a similar trend in the rejection capacities observed for graphene-
based nanomaterials modified PES membrane. 
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Figure 5.8: Rejections at pH 6.0 by the unmodified and modified PVDF membrane. 
Figures 5.9 and 5.10 present the heavy metal ions rejections capacities of the 
unmodified and modified PVDF membrane at pH6.8 and pH8.0. Rejection ability of the 
unmodified PVDF membrane at pH6.8 for Pb2+ was 90%±1.53, Cd2+ was 80%±1.36 and 
Cr6+ was 85%±1.45. This was improved for the series of the positively charged 
HPEI/GO@PVDF membrane to the range 94%±1.60 and 96%±1.63, Cd2+ was in the 
range of 73%±1.24 to 76%±1.29% and Cr6+ was in the range of 82%±1.39 to 85%±1.45. 
At pH8.0, rejection of Pb2+ for the unmodified PVDF membrane was 76%±1.31, Cd2+ 
was 70%±20, and Cr6+ was 73%±1.24. For the series of the positively charged 
HPEI/GO@PES membrane, these were enhanced to the range of 83%±1.41 to 
93%±1.58 of Pb2+, Cd2+ was 76%±1.29 to 83%±1.41 and Cr6+ was 82%±1.39 to 
88%±1.50. It was generally observed that the rise in the weight concentration of 
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HPEI@GO modifier in the PVDF matrix brings about increased in the membrane 
rejection capacity. But the reverse was the case for the series of GO@PVDF and 
AgNPs/HPEI@PVDF membrane. These were similar observations made for GO@PES, 
HPEI/GO@PES and AgNPs/HPEI/GO@PES membrane. 
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Figure 5.9: Rejections at pH 6.8 by the unmodified and modified PVDF membrane.  
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Figure 5.10: Rejections at pH 8.0 by the unmodified and modified PVDF membrane. 
Conclusion 
The synthesised graphene-based modifiers incorporated into the PVDF matrix were 
observed to improve pure water flux, heavy metal rejections and the antifouling 
properties of the modified PVDF membrane. The improved rejection capacity of the 
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positively charged HPEI/GO@PES membrane could be attributed to the improved 
surface properties of the modified membrane by the presence of CN and cationic NH 
functionalities. Generally, the synthesized graphene base modifiers had a similar effect 
on the modified PVDF membrane as seen on the modified PES membrane in all 
application. 
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CHAPTER 6:  
REJECTIONS AND ANTIFOULING PROPERTIES PES AND PVDF 
MEMBRANE USING ORGANIC DYES STIMULATED WASTEWATER 
 
 
6.1 Rejection of organic dyes by the unmodified and modified PES, PVDF 
membrane 
Organic dyes rejections capacity of the prepared unmodified and modified PES and 
PVDF membrane were examined using synthetic wastewater of Methylene blue (MB), 
Amaranth (AR) and Congo red (CR). Rejections of these organic pollutants were carried 
out in the dead-end cell, equipped with a magnetic stirrer at 150 kpa operating pressure 
and at a neutral pH. Figure 6.1 presents the molecular structure and molecular weights 
(mw) of the organic pollutants. 
 
Figure 6.1: molecular structure and weight of MB, AR and CR dyes 
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6.2 Organic dyes rejections of the prepared PES membrane 
Figures 6.2 and 6.3 present the organic dyes rejection studies of the unmodified and 
modified PES membrane and the data statistics are presented in Appendix1 Table A3-
A. The rejection studies of positively charged MB for the unmodified PES membrane 
was 90%±1.53. This was enhanced by the series of the positively HPEI/GO@PES 
membrane to the progressive range of 94%±1.60 to 97%±1.65 (p2a, p2b and p2c 
membrane) making a higher difference of 4% to 7%. Series of AgNPs/HEPI/GO@PES 
membrane maintained rejection capacity of 95% (that is 5% higher to the unmodified 
PES membrane) and series of GO@PES membrane maintained a higher rejection 
capacity of 4% higher to the unmodified PES membrane. The rejection of CR was 
above 95% in all the modified PVDF membrane despite been negatively charged due to 
the bigger size of the dye molecule. The rejection capacity of the negatively charge AR 
despite (whose size is near twice the size of MB) was less than 70% to 75%. These 
dyes were also observed to pass through the membrane micro-pores over a lengthy 
filtration period and with increased in the weight concentration of the graphene-based 
modifiers in the PES matrix. This indicated that the rejection of the stimulated dyes 
wastewater was more effective by size and Donnan exclusion. That is the surface 
chemistry of the membrane(s) in contact with the wastewater during wastewater 
treatment. The result obtained in this study is in good agreement with the recent studies 
of Rambabu et al., on the surface properties of membrane in the removal of dyes [234]. 
These observations are also in good standing with literature that  Membrane surface 
charge, MWCO and particle charge and size influence the membrane ability to exclude 
organic dye pollutants from wastewater[146], [235]–[238]. This trend was also observed 
for the rejection studied of PVDF membrane that will be discussed in the subsequent 
section. 
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Figure 6.2: MB rejection of P2a membrane 
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Figure 6.3: Rejections of dyes by the unmodified and modified PES membrane 
6.3 Rejections of organics dyes by the prepared PVDF membrane 
Figure 6.4 presents the organic dyes rejections the unmodified and modified PVDF 
membrane and the data statistics are presented in Appendix1 Table A3-B. MB rejection 
studies of unmodified and modified PVDF membrane. Series of HPEI/GO@PVDF 
membrane exhibit the same trend of a progressively increased rejection capacity from 
92%±1.47 to 94%±1.50 (from pv4 to pv5) which is 10% to 12% higher compared to 
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unmodified PVDF membrane (82%). Next is the series of AgNPs/HPEI/GO@PVDF 
membrane which also exhibit higher rejection capacity in the range of 92%±1.56 to 
93%1.58 and GO@PVDF membrane having rejections of 80%±1.44 to 70%±1.26. AR 
rejections also declined over a lengthy filtration and with increased concentration of the 
graphene-based nanomaterials in the PVDF matrix. The rejection capacity for the 
prepared PES and PVDF membrane on CR (being the biggest in size of the dyes) was 
used to evaluate the molecular weight cut off (MWCO) of the membrane. 
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Figure 6.4: Rejections of dyes by the unmodified and modified PVDF membrane 
6.4 Filtration and antifouling studies of the cleaned PES membrane after organic 
pollutants. 
The antifouling properties of the unmodified and modified PES membrane were further 
studied using 50 ppm polluted water of bisphenol A, methylene blue, methyl orange, 
amaranth and Congo-red in the dead end-cell equipped with a magnetic stirrer at 
150kpa operating pressure. The synthetic wastewater containing each pollutant was 
filtered through each membrane for a period of 0.08 h in the order of their sizes (molar 
mass). The fouled membrane was rinsed with a small volume of deionized water after 
each filtration and soaked in deionized water for 24 h. The cleaned membrane 
(presented in Figure 6.5) was subjected to pure water flux. The FRR was calculated 
based on equation 5 of chapter three. The cleaned membranes were physically 
inspected to see the extent of cake layer formation and then subjected to EDS-mapping 
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analysis to inspect the attachment of the micropollutants on the membrane surface. The 
results obtained are discussed s follows. 
As presented in Figure 6.5, the unreformed PES membrane displayed the highest 
attachment of the organic foulants on the membrane surface. Next is the series of 
GO@PES and the series of AgNPs/HPEI/GO@PES membrane. Very less attachment 
of the foulants was observed on the series of HPEI/GO@PES membrane. From the 
EDS analysis, as presented in Figure 6.6, the presence of Ag in the polymer matrix of 
P3a to p3c membrane after the extended filtration and multiple washes (including soaking 
in water for 24h) indicates that leaching of AgNPs was minimized. It was further 
observed that as the concentration of the nanomaterials increased in the membrane 
matrix, the organic foulants attachment decreased (P1a to p1c and p3a to p3c membrane). 
This could also be attributed to increased hydrophilic nature of the modified membrane 
which reduced the attachment of the foulants on the membrane surfaces[212], [233], 
[37]. 
 
Figure 6.5: the image of a series of cleaned PES membrane after fouling with organic 
dyes. 
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Figure 6.6: EDS-mapping of the cleaned PES membrane after organic dyes fouling. 
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6.5 Contact angle analysis of the PES membrane 
Figure 6.7 presents the contact angle analysis of the cleaned PES membrane. The 
contact angle was observed to increase by 2% for P, P1a to p1c membrane and 3% for 
p3a to p3c membrane but was only increased by 1% for P2a membrane when compared 
to the contact angle of the un-fouled PES membrane (as discussed earlier in chapter 5) 
discussed in chapter 4.This implies slight reduction in the pure water permeability[36] 
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Figure 6.7: Contact angle of the cleaned PES membrane after fouling. 
6.6 FRR of the Cleaned PES membrane after organic pollutants fouling. 
Figure 6.8 presents the flux recovery ratio of the fouled PES membrane. The 
unmodified PES membrane displayed the lowest FRR value of 43%±0.69 due to the 
high attachment of the organic foulants on the membrane surface and micropores. This 
was improved to the range of 80%±1.28 to 85%±1.36 for the series of GO@PES 
membrane, 76%±1.22 to 80%±1.30 for the series of HPEI/GO@PES membrane and 
76%±1.18 to 77%±1.23 for the series of AgNPs/HPEI/GO@PES membrane. The result 
obtained is in good agreement with the EDS mapping analysis present in Figure 6.6. It 
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was also observed that as the concentration of the graphene-based nanomaterials 
increased in the PES matrix, the attachment of the foulant on the membrane surfaces 
and pores decreased and consequently increase in pure water flux and improves in 
FRR was observed. Comparing the FRR studies of the membrane fouled with BSA 
solution (Figure 4.15 of chapter 4) and the membrane fouled with organic dyes solution. 
The modified PES membrane showed improved less attachment of both foulants and 
consequently, membrane with improve antifouling properties and longer life span was 
synthesised. 
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Figure 6.8: FRR of the Cleaned PES membrane after organic pollutants fouling. 
Conclusions 
The HPEI@GO modified PES and PVDF membrane exhibit higher rejection for the 
smallest dye molecule (MB) by electrostatic interactions mainly because of the positive 
surface charge of the membrane films and the charge of the pollutant. The high removal 
efficiency for CR dyes by the modified PES and PVDF membrane could be attributed to 
size exclusion. The less attachment of the organic pollutants observed in the modified 
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PES membrane especially to the series of HPEI/GO@PES could be attributed to the 
presence of the C=O, C-O, NH AgNPs and CN functionalities on the surface of the GO 
nanosheets. The improved flux recovery ratio observed for the modified PES membrane 
can be attributed to the effect of the incorporated charge and hydrophilic graphene-
based nanomaterials.  
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CHAPTER 7 
OVERALL CONCLUSION AND RECOMMENDATIONS 
 
 
7.1 General conclusions 
The conclusion of the research work is as follows: 
 Graphene oxide-based nanofillers modified with HPEI and decorated with Ag 
nanoparticles were successfully prepared as indicated by their characterisation 
utilising a suite of techniques such as TEM, SEM, EDS, XRD, FTIR, TGA, BET, 
and Raman analysis. 
 These nanofillers were found to possess enhanced antimicrobial inhibitory effect. 
This effect initially decreased with the introduction of HPEI and AgNPs modifiers 
on GO surfaces. This was however restored as the amount of HPEI on the GO 
surface increased together with the quantity of AgNPs. This antibacterial ability 
was observed through the inhibition of the growth of most biofilm-forming 
bacteria and human pathogen bacteria. This property, potentially, should be 
transferred to the resultant membrane. This aspect was not explored in this study 
to lack of membrane testing expertise for biofilm growth in the group. 
 The synthesised graphene-based nanomaterials were successfully incorporated 
into PES and PVDF matrix and resultant membrane characterised using various 
techniques such as SEM, EDS, AFM, water uptake, contact angle, pure water 
flux, antifouling studies and solute (metal ions and organic dyes) rejections.  
 The modified hydrophilic PES or PVDF membrane exhibited improved 
performance compared to the baseline membrane. For instance, the flux, flux 
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recovery ratio (antifouling) and solute rejection were all performance parameters 
that were positively impacted by the introduction of these novel nanofillers. These 
observations are attributable to the positively charged PES and PVDF membrane 
due to the presence of HPEI/GO and AgNPs/HPEI/GO within the membrane 
matrices. In addition, the positively charged AgNPs/HPEI/GO@PES, and 
AgNPs/HPEI2/GO@PVDF membrane surfaces enhanced rejection due to 
electrostatic interactions/effects. Therefore, it could be concluded that the 
performance of the nanocomposite membrane was determined by a combination 
of the Donnan effect, size exclusion (weight molecular weight of the solutes), 
membrane surface charge and solute surface charge. 
7.2. Recommendations 
The recommendations of this work are as follows: 
 The study of the surface charge of the prepared PES and PVDF membrane 
using streaming potential instrument was not carried out due to difficulties and 
unavailability of the instrument. This would highly be recommended. 
 The study of the ion exchange capacity of the HPEI@GO and AgNPs/HPEI@GO 
composite materials and its incorporated membrane would really complete the 
hypothesis on the envisaged effluence of these nanofillers. 
 The antibacterial studies of the membrane incorporated HPEI@GO and 
AgNPs/HPEI@GO composite  
 That these nanocomposite PES and PVDF membrane be screened or applied on 
industrial effluents to assess their real-life applicability. 
 
 117 
References 
[1] M. A. Shannon, P. W. Bohn, M. Elimelech, J. G. Georgiadis, B. J. Marinas, and A. 
M. Mayes, “Science and technology for water purification in the coming decades,” in 
Nanoscience And Technology: A Collection of Reviews from Nature Journals, World 
Scientific, 2010, pp. 337–346. 
[2] V. M. Mboula, H. Valerie, A. Yves, P. Luisa-Maria, D. Jose-Miguel, S. Adrian and 
F. Polycarpos, “Photocatalytic degradation of endocrine disruptor compounds under 
simulated solar light,” Water Res., vol. 47, no. 12, pp. 3997–4005, 2013. 
[3] B. Genthe, T. Kapwata, W. Le Roux, J. Chamier, and C. Y. Wright, “The reach of 
human health risks associated with metals/metalloids in water and vegetables along a 
contaminated river catchment: South Africa and Mozambique,” Chemosphere, vol. 199, 
pp. 1–9, 2018. 
[4] M. Rafatullah, O. Sulaiman, R. Hashim, and A. Ahmad, “Adsorption of methylene 
blue on low-cost adsorbents: a review,” J. Hazard. Mater., vol. 177, no. 1–3, pp. 70–80, 
2010. 
[5] S. M. Shaheen et al., “Wood-based biochar for the removal of potentially toxic 
elements in water and wastewater: a critical review,” Int. Mater. Rev., pp. 1–32, 2018. 
[6] Y. Sun, J. Tian, L. Song, S. Gao, W. Shi, and F. Cui, “Dynamic changes of the 
fouling layer in forward osmosis based membrane processes for municipal wastewater 
treatment,” J. Membr. Sci., vol. 549, pp. 523–532, 2018. 
[7] M. Elimelech and W. A. Phillip, “The future of seawater desalination: energy, 
technology, and the environment,” science, vol. 333, no. 6043, pp. 712–717, 2011. 
[8] F. Fu and Q. Wang, “Removal of heavy metal ions from wastewaters: a review,” J. 
Environ. Manage., vol. 92, no. 3, pp. 407–418, 2011. 
[9] C. L. Grady Jr, G. T. Daigger, N. G. Love, and C. D. Filipe, Biological wastewater 
treatment. CRC press, 2011. 
References 
118 
[10] C. S. Lee, J. Robinson, and M. F. Chong, “A review on application of flocculants in 
wastewater treatment,” Process Saf. Environ. Prot., vol. 92, no. 6, pp. 489–508, 2014. 
[11] B. E. Logan and M. Elimelech, “Membrane-based processes for sustainable 
power generation using water,” Nature, vol. 488, no. 7411, p. 313, 2012. 
[12] P. Xu et al., “Use of iron oxide nanomaterials in wastewater treatment: a review,” 
Sci. Total Environ., vol. 424, pp. 1–10, 2012. 
[13] P. Arroyo and M. Molinos Senante, “Selecting appropriate wastewater treatment 
technologies using a choosing-by-advantages approach,” Sci. Total Environ., vol. 625, 
pp. 819–827, 2018. 
[14] C. H. Neoh, Z. Z. Noor, N. S. A. Mutamim, and C. K. Lim, “Green technology in 
wastewater treatment technologies: integration of membrane bioreactor with various 
wastewater treatment systems,” Chem. Eng. J., vol. 283, pp. 582–594, 2016. 
[15] M. Xie, H. K. Shon, S. R. Gray, and M. Elimelech, “Membrane-based processes 
for wastewater nutrient recovery: technology, challenges, and future direction,” Water 
Res., vol. 89, pp. 210–221, 2016. 
[16] M. Padaki et al., “Membrane technology enhancement in oil–water separation. A 
review,” Desalination, vol. 357, pp. 197–207, 2015. 
[17] W. L. Ang, A. W. Mohammad, N. Hilal, and C. P. Leo, “A review on the 
applicability of integrated/hybrid membrane processes in water treatment and 
desalination plants,” Desalination, vol. 363, pp. 2–18, 2015. 
[18] R. Zhang et al., “Antifouling membrane for sustainable water purification: 
strategies and mechanisms,” Chem. Soc. Rev., vol. 45, no. 21, pp. 5888–5924, 2016. 
[19] M. F. Hamoda, N. F. Attia, and I. A. Al-Ghusain, “Performance evaluation of a 
wastewater reclamation plant using ultrafiltration and reverse osmosis,” Desalination 
Water Treat., vol. 54, no. 11, pp. 2928–2938, 2015. 
References 
119 
[20] Z. He, D. J. Miller, S. Kasemset, L. Wang, D. R. Paul, and B. D. Freeman, 
“Fouling propensity of a poly (vinylidene fluoride) microfiltration membrane to several 
model oil/water emulsions,” J. Membr. Sci., vol. 514, pp. 659–670, 2016. 
[21] L. D. Tijing, Y. C. Woo, J.-S. Choi, S. Lee, S.-H. Kim, and H. K. Shon, “Fouling 
and its control in membrane distillation—A review,” J. Membr. Sci., vol. 475, pp. 215–
244, 2015. 
[22] C. Fritzmann, J. Löwenberg, T. Wintgens, and T. Melin, “State-of-the-art of 
reverse osmosis desalination,” Desalination, vol. 216, no. 1–3, pp. 1–76, 2007. 
[23] X. Zhao et al., “Fabrication of antifouling polymer–inorganic hybrid membrane 
through the synergy of biomimetic mineralization and nonsolvent induced phase 
separation,” J. Mater. Chem. A, vol. 3, no. 14, pp. 7287–7295, 2015. 
[24] S. Liang, Y. Kang, A. Tiraferri, E. P. Giannelis, X. Huang, and M. Elimelech, 
“Highly hydrophilic polyvinylidene fluoride (PVDF) ultrafiltration membrane via 
postfabrication grafting of surface-tailored silica nanoparticles,” ACS Appl. Mater. 
Interfaces, vol. 5, no. 14, pp. 6694–6703, 2013. 
[25] R. Yang, H. Jang, R. Stocker, and K. K. Gleason, “Synergistic prevention of 
biofouling in seawater desalination by zwitterionic surfaces and low‐level chlorination,” 
Adv. Mater., vol. 26, no. 11, pp. 1711–1718, 2014. 
[26] D. J. Miller et al., “Short-term adhesion and long-term biofouling testing of 
polydopamine and poly (ethylene glycol) surface modifications of membrane and feed 
spacers for biofouling control,” Water Res., vol. 46, no. 12, pp. 3737–3753, 2012. 
[27] M. Ben-Sasson et al., “In situ formation of silver nanoparticles on thin-film 
composite reverse osmosis membrane for biofouling mitigation,” Water Res., vol. 62, 
pp. 260–270, 2014. 
References 
120 
[28] R. Bernstein, V. Freger, J.-H. Lee, Y.-G. Kim, J. Lee, and M. Herzberg, “‘Should I 
stay or should I go?’Bacterial attachment vs biofilm formation on surface-modified 
membrane,” Biofouling, vol. 30, no. 3, pp. 367–376, 2014. 
[29] V. Kochkodan and N. Hilal, “A comprehensive review on surface modified polymer 
membrane for biofouling mitigation,” Desalination, vol. 356, pp. 187–207, 2015. 
[30] B. Van der Bruggen, “Chemical modification of polyethersulfone nanofiltration 
membrane: a review,” J. Appl. Polym. Sci., vol. 114, no. 1, pp. 630–642, 2009. 
[31] V. Vatanpour, S. S. Madaeni, R. Moradian, S. Zinadini, and B. Astinchap, “Novel 
antifouling nanofiltration polyethersulfone membrane fabricated from embedding TiO2 
coated multiwalled carbon nanotubes,” Sep. Purif. Technol., vol. 90, pp. 69–82, 2012. 
[32] V. Vatanpour, S. S. Madaeni, L. Rajabi, S. Zinadini, and A. A. Derakhshan, 
“Boehmite nanoparticles as a new nanofiller for preparation of antifouling mixed matrix 
membrane,” J. Membr. Sci., vol. 401, pp. 132–143, 2012. 
[33] G. Wu, S. Gan, L. Cui, and Y. Xu, “Preparation and characterization of PES/TiO2 
composite membrane,” Appl. Surf. Sci., vol. 254, no. 21, pp. 7080–7086, 2008. 
[34] M. Peyravi, A. Rahimpour, M. Jahanshahi, A. Javadi, and A. Shockravi, “Tailoring 
the surface properties of PES ultrafiltration membrane to reduce the fouling resistance 
using synthesized hydrophilic copolymer,” Microporous Mesoporous Mater., vol. 160, 
pp. 114–125, 2012. 
[35] H. Wu, J. Mansouri, and V. Chen, “Silica nanoparticles as carriers of antifouling 
ligands for PVDF ultrafiltration membrane,” J. Membr. Sci., vol. 433, pp. 135–151, 2013. 
[36] N. Dizge et al., “Synthesis and performance of antifouling and self-cleaning 
polyethersulfone/graphene oxide composite membrane functionalized with photoactive 
semiconductor catalyst,” Water Sci. Technol., vol. 75, no. 3, pp. 670–685, 2017. 
References 
121 
[37] C. Zhao, X. Xu, J. Chen, and F. Yang, “Effect of graphene oxide concentration on 
the morphologies and antifouling properties of PVDF ultrafiltration membrane,” J. 
Environ. Chem. Eng., vol. 1, no. 3, pp. 349–354, 2013. 
[38] H. Du, J. Li, J. Zhang, G. Su, X. Li, and Y. Zhao, “Separation of hydrogen and 
nitrogen gases with porous graphene membrane,” J. Phys. Chem. C, vol. 115, no. 47, 
pp. 23261–23266, 2011. 
[39] K. Sint, B. Wang, and P. Král, “Selective ion passage through functionalized 
graphene nanopores,” J. Am. Chem. Soc., vol. 130, no. 49, pp. 16448–16449, 2008. 
[40] Y. Heo, H. Im, and J. Kim, “The effect of sulfonated graphene oxide on sulfonated 
poly (ether ether ketone) membrane for direct methanol fuel cells,” J. Membr. Sci., vol. 
425, pp. 11–22, 2013. 
[41] K. Sint, B. Wang, and P. Král, “Selective ion passage through functionalized 
graphene nanopores,” J. Am. Chem. Soc., vol. 130, no. 49, pp. 16448–16449, 2008. 
[42] D. A. Dikin et al., “Preparation and characterization of graphene oxide paper,” 
Nature, vol. 448, no. 7152, p. 457, 2007. 
[43] S. Chaiyakun et al., “Preparation and characterization of graphene oxide 
nanosheets,” Procedia Eng., vol. 32, pp. 759–764, 2012. 
[44] Y. Zhu et al., “Graphene and graphene oxide: synthesis, properties, and 
applications,” Adv. Mater., vol. 22, no. 35, pp. 3906–3924, 2010. 
[45] D. Yang et al., “Chemical analysis of graphene oxide films after heat and chemical 
treatments by X-ray photoelectron and Micro-Raman spectroscopy,” Carbon, vol. 47, 
no. 1, pp. 145–152, 2009. 
[46] D. Leroy et al., “Complexation of uranyl ions by polypyrrole doped by sulfonated 
and phosphonated polyethyleneimine,” J. Appl. Polym. Sci., vol. 88, no. 2, pp. 352–359, 
2003. 
References 
122 
[47] R. Zhang et al., “Manipulating the multifunctionalities of polydopamine to prepare 
high-flux anti-biofouling composite nanofiltration membrane,” RSC Adv., vol. 6, no. 39, 
pp. 32863–32873, 2016. 
[48] X. Cai et al., “The use of polyethyleneimine-modified reduced graphene oxide as 
a substrate for silver nanoparticles to produce a material with lower cytotoxicity and 
long-term antibacterial activity,” Carbon, vol. 50, no. 10, pp. 3407–3415, 2012. 
[49] I. Yudovin-Farber, J. Golenser, N. Beyth, E. I. Weiss, and A. J. Domb, 
“Quaternary ammonium polyethyleneimine: antibacterial activity,” J. Nanomater., vol. 
2010, p. 46, 2010. 
[50] S. Liang et al., “Organic fouling behavior of superhydrophilic polyvinylidene 
fluoride (PVDF) ultrafiltration membrane functionalized with surface-tailored 
nanoparticles: Implications for organic fouling in membrane bioreactors,” J. Membr. Sci., 
vol. 463, pp. 94–101, 2014. 
[51] K. R. Zodrow, E. Bar-Zeev, M. J. Giannetto, and M. Elimelech, “Biofouling and 
microbial communities in membrane distillation and reverse osmosis,” Environ. Sci. 
Technol., vol. 48, no. 22, pp. 13155–13164, 2014. 
[52] X. Lu, L. H. Arias Chavez, S. Romero-Vargas Castrillón, J. Ma, and M. Elimelech, 
“Influence of active layer and support layer surface structures on organic fouling 
propensity of thin-film composite forward osmosis membrane,” Environ. Sci. Technol., 
vol. 49, no. 3, pp. 1436–1444, 2015. 
[53] Z. Xiu, Q. Zhang, H. L. Puppala, V. L. Colvin, and P. J. Alvarez, “Negligible 
particle-specific antibacterial activity of silver nanoparticles,” Nano Lett., vol. 12, no. 8, 
pp. 4271–4275, 2012. 
[54] Y. Lv, H.-C. Yang, H.-Q. Liang, L.-S. Wan, and Z.-K. Xu, “Nanofiltration 
membrane via co-deposition of polydopamine/polyethylenimine followed by cross-
linking,” J. Membr. Sci., vol. 476, pp. 50–58, 2015. 
References 
123 
[55] C. Feng, J. Xu, M. Li, Y. Tang, and C. Gao, “Studies on a novel nanofiltration 
membrane prepared by cross-linking of polyethyleneimine on polyacrylonitrile 
substrate,” J. Membr. Sci., vol. 451, pp. 103–110, 2014. 
[56] K. A. M. Said, G. G. George, N. A. M. Alipah, N. Z. Ismail, and R. L. Jama’in, 
“Effect of activated carbon in PSF-PEI-Ag symmetric membrane,” presented at the 
MATEC Web of Conferences, 2017, vol. 87, p. 03008. 
[57] A. Shahat, M. R. Awual, M. A. Khaleque, M. Z. Alam, M. Naushad, and A. S. 
Chowdhury, “Large-pore diameter nano-adsorbent and its application for rapid lead (II) 
detection and removal from aqueous media,” Chem. Eng. J., vol. 273, pp. 286–295, 
2015. 
[58] Y. Huang, D. Wu, X. Wang, W. Huang, D. Lawless, and X. Feng, “Removal of 
heavy metals from water using polyvinylamine by polymer-enhanced ultrafiltration and 
flocculation,” Sep. Purif. Technol., vol. 158, pp. 124–136, 2016. 
[59] M. a Mohammed, A. Shitu, and A. Ibrahim, “Removal of Methylene Blue Using 
Low Cost Adsorbent : A Review,” Res. J. Chem. Sci., vol. 4, no. 1, pp. 91–102, 2014. 
[60] A. Demirbas, “Agricultural based activated carbons for the removal of dyes from 
aqueous solutions: A review,” J. Hazard. Mater., vol. 167, no. 1–3, pp. 1–9, Aug. 2009. 
[61] M. Jaishankar, T. Tseten, N. Anbalagan, B. B. Mathew, and K. N. Beeregowda, 
“Toxicity, mechanism and health effects of some heavy metals,” Interdiscip. Toxicol., 
vol. 7, no. 2, pp. 60–72, 2014. 
[62] A. Hirner and J. Hippler, “Trace metal (loid) s (As, Cd, Cu, Hg, Pb, PGE, Sb, and 
Zn) and their species,” 2011. 
[63] Q. Sun and L. Yang, “The adsorption of basic dyes from aqueous solution on 
modified peat-resin particle,” Water Res, vol. 37, no. 7, pp. 1535–1544, 2003. 
[64] K. Majewska-nowak, “Ultrafiltration of Dye Solutions in the Presence,” Environ. 
Prot. Eng., vol. 35, no. 4, 2009. 
References 
124 
[65] M. Abu-Saied, E. Abdel-Halim, M. M. Fouda, and S. S. Al-Deyab, “Preparation 
and characterization of iminated polyacrylonitrile for the removal of methylene blue from 
aqueous solutions,” Int. J. Electrochem. Sci., vol. 8, no. 4, pp. 5121–5135, 2013. 
[66] B. S. Lalia, V. Kochkodan, R. Hashaikeh, and N. Hilal, “A review on membrane 
fabrication: Structure, properties and performance relationship,” Desalination, vol. 326, 
pp. 77–95, 2013. 
[67] A. Lee, J. W. Elam, and S. B. Darling, “Membrane materials for water purification: 
design, development, and application,” Environ. Sci. Water Res. Technol., vol. 2, no. 1, 
pp. 17–42, 2016. 
[68] S. Andrejkovičová et al., “The effect of natural zeolite on microstructure, 
mechanical and heavy metals adsorption properties of metakaolin based geopolymers,” 
Appl. Clay Sci., vol. 126, pp. 141–152, 2016. 
[69] M. R. Awual et al., “Schiff based ligand containing nano-composite adsorbent for 
optical copper (II) ions removal from aqueous solutions,” Chem. Eng. J., vol. 279, pp. 
639–647, 2015. 
[70] T. Sata, Ion exchange membrane: preparation, characterization, modification and 
application. Royal Society of chemistry, 2007. 
[71] M. R. Awual et al., “Trace copper (II) ions detection and removal from water using 
novel ligand modified composite adsorbent,” Chem. Eng. J., vol. 222, pp. 67–76, 2013. 
[72] L. Malaeb and G. M. Ayoub, “Reverse osmosis technology for water treatment: 
state of the art review,” Desalination, vol. 267, no. 1, pp. 1–8, 2011. 
[73] J. P. Chen, H. Mou, L. K. Wang, T. Matsuura, and Y. Wei, “Membrane separation: 
Basics and applications,” in Membrane and Desalination Technologies, Springer, 2011, 
pp. 271–332. 
References 
125 
[74] C. Blöcher, J. Dorda, V. Mavrov, H. Chmiel, N. Lazaridis, and K. Matis, “Hybrid 
flotation—membrane filtration process for the removal of heavy metal ions from 
wastewater,” Water Res., vol. 37, no. 16, pp. 4018–4026, 2003. 
[75] B. Nagavarma, H. K. Yadav, A. Ayaz, L. Vasudha, and H. Shivakumar, “Different 
techniques for preparation of polymeric nanoparticles-a review,” Asian J Pharm Clin 
Res, vol. 5, no. 3, pp. 16–23, 2012. 
[76] B. Van der Bruggen, C. Vandecasteele, T. Van Gestel, W. Doyen, and R. Leysen, 
“A review of pressure‐driven membrane processes in wastewater treatment and 
drinking water production,” Environ. Prog., vol. 22, no. 1, pp. 46–56, 2003. 
[77] B. S. Lalia, V. Kochkodan, R. Hashaikeh, and N. Hilal, “A review on membrane 
fabrication: Structure, properties and performance relationship,” Desalination, vol. 326, 
pp. 77–95, 2013. 
[78] I. Pinnau and B. D. Freeman, Membrane formation and modification. American 
Chemical Society, 2000. 
[79] H. B. Hopfenberg, Permeability of plastic films and coatings. Springer, 1974. 
[80] I. Wienk, R. Boom, M. Beerlage, A. Bulte, C. Smolders, and H. Strathmann, 
“Recent advances in the formation of phase inversion membrane made from 
amorphous or semi-crystalline polymers,” J. Membr. Sci., vol. 113, no. 2, pp. 361–371, 
1996. 
[81] P. Van de Witte, P. J. Dijkstra, J. Van den Berg, and J. Feijen, “Phase separation 
processes in polymer solutions in relation to membrane formation,” J. Membr. Sci., vol. 
117, no. 1–2, pp. 1–31, 1996. 
[82] W. Pu, X. He, L. Wang, C. Jiang, and C. Wan, “Preparation of PVDF–HFP 
microporous membrane for Li-ion batteries by phase inversion,” J. Membr. Sci., vol. 
272, no. 1–2, pp. 11–14, 2006. 
References 
126 
[83] H. Matsuyama, Y. Takida, T. Maki, and M. Teramoto, “Preparation of porous 
membrane by combined use of thermally induced phase separation and immersion 
precipitation,” Polymer, vol. 43, no. 19, pp. 5243–5248, 2002. 
[84] S. Judd, The MBR book: principles and applications of membrane bioreactors for 
water and wastewater treatment. Elsevier, 2010. 
[85] K. Lutchmiah, A. Verliefde, K. Roest, L. C. Rietveld, and E. R. Cornelissen, 
“Forward osmosis for application in wastewater treatment: a review,” Water Res., vol. 
58, pp. 179–197, 2014. 
[86] R. Suthanthararajan, E. Ravindranath, K. Chits, B. Umamaheswari, T. Ramesh, 
and S. Rajamam, “Membrane application for recovery and reuse of water from treated 
tannery wastewater,” Desalination, vol. 164, no. 2, pp. 151–156, 2004. 
[87] K. Scott and R. Hughes, Industrial membrane separation technology. Springer 
Science & Business Media, 2012. 
[88] N. A. H. M. Nordin, A. F. Ismail, A. Mustafa, R. S. Murali, and T. Matsuura, 
“Utilizing low ZIF-8 loading for an asymmetric PSf/ZIF-8 mixed matrix membrane for CO 
2/CH 4 separation,” RSC Adv., vol. 5, no. 38, pp. 30206–30215, 2015. 
[89] V. K. Thakur and S. I. Voicu, “Recent advances in cellulose and chitosan based 
membrane for water purification: a concise review,” Carbohydr. Polym., vol. 146, pp. 
148–165, 2016. 
[90] V. S. Kislik, “Introduction, General description, definitions, and classification. 
Overview,” in Liquid Membrane, Elsevier, 2010, pp. 1–15. 
[91] H. Strathmann, L. Giorno, and E. Drioli, “Basic aspects in polymeric membrane 
preparation,” 2010. 
[92] M. Padaki et al., “Membrane technology enhancement in oil–water separation. A 
review,” Desalination, vol. 357, pp. 197–207, 2015. 
References 
127 
[93] A. Pagidi, R. Saranya, G. Arthanareeswaran, A. Ismail, and T. Matsuura, 
“Enhanced oil–water separation using polysulfone membrane modified with polymeric 
additives,” Desalination, vol. 344, pp. 280–288, 2014. 
[94] A. F. Ismail and T. Matsuura, Sustainable membrane technology for energy, 
water, and environment. John Wiley & Sons, 2012. 
[95] S. Zinadini, A. A. Zinatizadeh, M. Rahimi, V. Vatanpour, and H. Zangeneh, 
“Preparation of a novel antifouling mixed matrix PES membrane by embedding 
graphene oxide nanoplates,” J. Membr. Sci., vol. 453, pp. 292–301, 2014. 
[96] R. Pang, X. Li, J. Li, Z. Lu, X. Sun, and L. Wang, “Preparation and 
characterization of ZrO2/PES hybrid ultrafiltration membrane with uniform ZrO2 
nanoparticles,” Desalination, vol. 332, no. 1, pp. 60–66, 2014. 
[97] M. Khayet, C. Feng, K. Khulbe, and T. Matsuura, “Preparation and 
characterization of polyvinylidene fluoride hollow fiber membrane for ultrafiltration,” 
Polymer, vol. 43, no. 14, pp. 3879–3890, 2002. 
[98] S. Hakim Elahi, “Tailor-made polysulfone ultrafiltration membrane for the study of 
the effects of metal oxide nanoparticles on fouling,” 2011. 
[99] J. A. Koehler, M. Ulbricht, and G. Belfort, “Intermolecular forces between a protein 
and a hydrophilic modified polysulfone film with relevance to filtration,” Langmuir, vol. 
16, no. 26, pp. 10419–10427, 2000. 
[100] Y. Zhang, R. Lin, M. Yuan, and X. Yue, “Effects of pore-forming additives on 
structures and properties of PVDF/Fe3+/Cu2+ hollow fiber membrane,” Desalination 
Water Treat., vol. 51, no. 19–21, pp. 3903–3908, 2013. 
[101] K. J. Smith, M. May, R. Baltus, and J. L. McGrath, “A predictive model of 
separations in dead-end filtration with ultrathin membrane,” Sep. Purif. Technol., vol. 
189, pp. 40–47, 2017. 
References 
128 
[102] L. Y. Ng, A. W. Mohammad, C. P. Leo, and N. Hilal, “Polymeric membrane 
incorporated with metal/metal oxide nanoparticles: a comprehensive review,” 
Desalination, vol. 308, pp. 15–33, 2013. 
[103] H. Yu, X. Zhang, Y. Zhang, J. Liu, and H. Zhang, “Development of a hydrophilic 
PES ultrafiltration membrane containing SiO2@ N-Halamine nanoparticles with both 
organic antifouling and antibacterial properties,” Desalination, vol. 326, pp. 69–76, 2013. 
[104] N. Nasrollahi, S. Aber, V. Vatanpour, and N. M. Mahmoodi, “Development of 
hydrophilic microporous PES ultrafiltration membrane containing CuO nanoparticles 
with improved antifouling and separation performance,” Mater. Chem. Phys., vol. 222, 
pp. 338–350, 2019. 
[105] J. Huang, H. Wang, and K. Zhang, “Modification of PES membrane with Ag–SiO2: 
Reduction of biofouling and improvement of filtration performance,” Desalination, vol. 
336, pp. 8–17, 2014. 
[106] F. Jin et al., “High-performance ultrafiltration membrane based on 
polyethersulfone–graphene oxide composite,” Rsc Adv., vol. 3, no. 44, pp. 21394–
21397, 2013. 
[107] R. J. Gohari, W. Lau, T. Matsuura, and A. Ismail, “Effect of surface pattern 
formation on membrane fouling and its control in phase inversion process,” J. Membr. 
Sci., vol. 446, pp. 326–331, 2013. 
[108] N. Nady, M. C. Franssen, H. Zuilhof, M. S. M. Eldin, R. Boom, and K. Schroen, 
“Modification methods for poly (arylsulfone) membrane: a mini-review focusing on 
surface modification,” Desalination, vol. 275, no. 1–3, pp. 1–9, 2011. 
[109] Y.-J. Wang, D. P. Wilkinson, and J. Zhang, “Noncarbon support materials for 
polymer electrolyte membrane fuel cell electrocatalysts,” Chem. Rev., vol. 111, no. 12, 
pp. 7625–7651, 2011. 
References 
129 
[110] D. E. Suk et al., “Study on the kinetics of surface migration of surface modifying 
macromolecules in membrane preparation,” Macromolecules, vol. 35, no. 8, pp. 3017–
3021, 2002. 
[111] Y. Peng and Y. Sui, “Compatibility research on PVC/PVB blended membrane,” 
Desalination, vol. 196, no. 1–3, pp. 13–21, 2006. 
[112] C. B. Bucur, Z. Sui, and J. B. Schlenoff, “Ideal mixing in polyelectrolyte complexes 
and multilayers: entropy driven assembly,” J. Am. Chem. Soc., vol. 128, no. 42, pp. 
13690–13691, 2006. 
[113] W. S. Ang, A. Tiraferri, K. L. Chen, and M. Elimelech, “Fouling and cleaning of RO 
membrane fouled by mixtures of organic foulants simulating wastewater effluent,” J. 
Membr. Sci., vol. 376, no. 1–2, pp. 196–206, 2011. 
[114] M. K. Purkait and K. Mohanty, Membrane technologies and applications. CRC 
press, 2011. 
[115] R. Revanur, B. McCloskey, K. Breitenkamp, B. D. Freeman, and T. Emrick, 
“Reactive amphiphilic graft copolymer coatings applied to poly (vinylidene fluoride) 
ultrafiltration membrane,” Macromolecules, vol. 40, no. 10, pp. 3624–3630, 2007. 
[116] W. Sun, J. Liu, H. Chu, and B. Dong, “Pretreatment and membrane hydrophilic 
modification to reduce membrane fouling,” Membrane, vol. 3, no. 3, pp. 226–241, 2013. 
[117] N. Dizge, G. Soydemir, A. Karagunduz, and B. Keskinler, “Influence of type and 
pore size of membrane on cross flow microfiltration of biological suspension,” J. Membr. 
Sci., vol. 366, no. 1–2, pp. 278–285, 2011. 
[118] N. Park, B. Kwon, I. S. Kim, and J. Cho, “Biofouling potential of various NF 
membrane with respect to bacteria and their soluble microbial products (SMP): 
characterizations, flux decline, and transport parameters,” J. Membr. Sci., vol. 258, no. 
1–2, pp. 43–54, 2005. 
References 
130 
[119] M. Jamal, U. Tasneem, T. Hussain, and S. Andleeb, “Bacterial biofilm: its 
composition, formation and role in human infections,” RRJMB, vol. 4, pp. 1–14, 2015. 
[120] J. M. Andrews, “Determination of minimum inhibitory concentrations,” J. 
Antimicrob. Chemother., vol. 48, no. suppl_1, pp. 5–16, 2001. 
[121] P. Peeva, “Thin-layer hydrogel composite membrane with tailored antifouling and 
ultrafiltration properties.” 
[122] X. Ke, R. Hongqiang, D. Lili, G. Jinju, and Z. Tingting, “A review of membrane 
fouling in municipal secondary effluent reclamation,” Environ. Sci. Pollut. Res., vol. 20, 
no. 2, pp. 771–777, 2013. 
[123] M. Peyravi, A. Rahimpour, M. Jahanshahi, A. Javadi, and A. Shockravi, “Tailoring 
the surface properties of PES ultrafiltration membrane to reduce the fouling resistance 
using synthesized hydrophilic copolymer,” Microporous Mesoporous Mater., vol. 160, 
pp. 114–125, 2012. 
[124] M. Ulbricht, “Advanced functional polymer membrane,” Polymer, vol. 47, no. 7, pp. 
2217–2262, 2006. 
[125] A. Bhattacharya and B. Misra, “Grafting: a versatile means to modify polymers: 
techniques, factors and applications,” Prog. Polym. Sci., vol. 29, no. 8, pp. 767–814, 
2004. 
[126] C. Zhao, J. Xue, F. Ran, and S. Sun, “Modification of polyethersulfone 
membrane–a review of methods,” Prog. Mater. Sci., vol. 58, no. 1, pp. 76–150, 2013. 
[127] C. Barth, M. Goncalves, A. Pires, J. Roeder, and B. Wolf, “Asymmetric 
polysulfone and polyethersulfone membrane: effects of thermodynamic conditions 
during formation on their performance,” J. Membr. Sci., vol. 169, no. 2, pp. 287–299, 
2000. 
References 
131 
[128] H. Wang, T. Yu, C. Zhao, and Q. Du, “Improvement of hydrophilicity and blood 
compatibility on polyethersulfone membrane by adding polyvinylpyrrolidone,” Fibers 
Polym., vol. 10, no. 1, pp. 1–5, 2009. 
[129] K. Khulbe, C. Feng, and T. Matsuura, “The art of surface modification of synthetic 
polymeric membrane,” J. Appl. Polym. Sci., vol. 115, no. 2, pp. 855–895, 2010. 
[130] G. M. Geise, H. B. Park, A. C. Sagle, B. D. Freeman, and J. E. McGrath, “Water 
permeability and water/salt selectivity tradeoff in polymers for desalination,” J. Membr. 
Sci., vol. 369, no. 1–2, pp. 130–138, 2011. 
[131] A. Mehta and A. L. Zydney, “Permeability and selectivity analysis for ultrafiltration 
membrane,” J. Membr. Sci., vol. 249, no. 1–2, pp. 245–249, 2005. 
[132] V. Freger, “Swelling and morphology of the skin layer of polyamide composite 
membrane: an atomic force microscopy study,” Environ. Sci. Technol., vol. 38, no. 11, 
pp. 3168–3175, 2004. 
[133] L. M. Robeson, “Correlation of separation factor versus permeability for polymeric 
membrane,” J. Membr. Sci., vol. 62, no. 2, pp. 165–185, 1991. 
[134] B. D. Freeman, “Basis of permeability/selectivity tradeoff relations in polymeric 
gas separation membrane,” Macromolecules, vol. 32, no. 2, pp. 375–380, 1999. 
[135] G. Stirnemann, E. Wernersson, P. Jungwirth, and D. Laage, “Mechanisms of 
acceleration and retardation of water dynamics by ions,” J. Am. Chem. Soc., vol. 135, 
no. 32, pp. 11824–11831, 2013. 
[136] G. M. Geise, H. Lee, D. J. Miller, B. D. Freeman, J. E. McGrath, and D. R. Paul, 
“Water purification by membrane: the role of polymer science,” J. Polym. Sci. Part B 
Polym. Phys., vol. 48, no. 15, pp. 1685–1718, 2010. 
[137] T. Sata, Ion exchange membrane: preparation, characterization, modification and 
application. Royal Society of chemistry, 2007. 
References 
132 
[138] S. Mafé, P. Ramírez, and J. Pellicer, “Activity coefficients and Donnan coion 
exclusion in charged membrane with weak-acid fixed charge groups,” J. Membr. Sci., 
vol. 138, no. 2, pp. 269–277, 1998. 
[139] W. Stumm and J. J. Morgan, Aquatic chemistry: chemical equilibria and rates in 
natural waters, vol. 126. John Wiley & Sons, 2012. 
[140] N. Serpone, “Aquatic chemistry: chemical equilibria and rates in natural waters,” J. 
Chem. Educ., vol. 73, no. 11, p. A277, 1996. 
[141] E. M. Van Wagner, A. C. Sagle, M. M. Sharma, and B. D. Freeman, “Effect of 
crossflow testing conditions, including feed pH and continuous feed filtration, on 
commercial reverse osmosis membrane performance,” J. Membr. Sci., vol. 345, no. 1–
2, pp. 97–109, 2009. 
[142] G. M. Geise, H. Lee, D. J. Miller, B. D. Freeman, J. E. McGrath, and D. R. Paul, 
“Water purification by membrane: the role of polymer science,” J. Polym. Sci. Part B 
Polym. Phys., vol. 48, no. 15, pp. 1685–1718, 2010. 
[143] T. Xu, “Ion exchange membrane: state of their development and perspective,” J. 
Membr. Sci., vol. 263, no. 1–2, pp. 1–29, 2005. 
[144] M. A. Hickner, “Ion-containing polymers: new energy & clean water,” Mater. 
Today, vol. 13, no. 5, pp. 34–41, 2010. 
[145] T. Welgemoed and C. Schutte, “Capacitive deionization technologyTM: an 
alternative desalination solution,” Desalination, vol. 183, no. 1–3, pp. 327–340, 2005. 
[146] C. Bellona and J. E. Drewes, “The role of membrane surface charge and solute 
physico-chemical properties in the rejection of organic acids by NF membrane,” J. 
Membr. Sci., vol. 249, no. 1–2, pp. 227–234, 2005. 
[147] H. Lonsdale, U. Merten, and R. Riley, “Transport properties of cellulose acetate 
osmotic membrane,” J. Appl. Polym. Sci., vol. 9, no. 4, pp. 1341–1362, 1965. 
References 
133 
[148] H. Ju, B. D. McCloskey, A. C. Sagle, Y.-H. Wu, V. A. Kusuma, and B. D. 
Freeman, “Crosslinked poly (ethylene oxide) fouling resistant coating materials for 
oil/water separation,” J. Membr. Sci., vol. 307, no. 2, pp. 260–267, 2008. 
[149] A. C. Sagle, H. Ju, B. D. Freeman, and M. M. Sharma, “PEG-based hydrogel 
membrane coatings,” Polymer, vol. 50, no. 3, pp. 756–766, 2009. 
[150] M. Cegłowski and G. Schroeder, “Removal of heavy metal ions with the use of 
chelating polymers obtained by grafting pyridine–pyrazole ligands onto 
polymethylhydrosiloxane,” Chem. Eng. J., vol. 259, pp. 885–893, 2015. 
[151] F. Iemma, G. Cirillo, U. G. Spizzirri, F. Puoci, O. I. Parisi, and N. Picci, “Removal 
of metal ions from aqueous solution by chelating polymeric microspheres bearing phytic 
acid derivatives,” Eur. Polym. J., vol. 44, no. 4, pp. 1183–1190, 2008. 
[152] D. M. Saad, E. M. Cukrowska, and H. Tutu, “Development and application of 
cross-linked polyethylenimine for trace metal and metalloid removal from mining and 
industrial wastewaters,” Toxicol. Environ. Chem., vol. 93, no. 5, pp. 914–924, 2011. 
[153] H. Strathmann, A. Grabowski, and G. Eigenberger, “Ion-exchange membrane in 
the chemical process industry,” Ind. Eng. Chem. Res., vol. 52, no. 31, pp. 10364–
10379, 2013. 
[154] D. C. Marcano et al., “Improved synthesis of graphene oxide,” ACS Nano, vol. 4, 
no. 8, pp. 4806–4814, 2010. 
[155] I. Yudovin-Farber, J. Golenser, N. Beyth, E. I. Weiss, and A. J. Domb, 
“Quaternary ammonium polyethyleneimine: antibacterial activity,” J. Nanomater., vol. 
2010, p. 46, 2010. 
[156] J. Xu, Z. Wang, J. Wang, and S. Wang, “Positively charged aromatic polyamide 
reverse osmosis membrane with high anti-fouling property prepared by 
polyethylenimine grafting,” Desalination, vol. 365, pp. 398–406, 2015. 
References 
134 
[157] G. Dong, Y. Zhang, J. Hou, J. Shen, and V. Chen, “Graphene oxide nanosheets 
based novel facilitated transport membrane for efficient CO2 capture,” Ind. Eng. Chem. 
Res., vol. 55, no. 18, pp. 5403–5414, 2016. 
[158] A. Masotti, A. Giuliano, and G. Ortaggi, “Efficient complexation-ultrafiltration 
process for metal ions removal from aqueous solutions using a novel carboxylated 
polyethylenimine derivative (PEI-COOH),” Curr. Anal. Chem., vol. 6, no. 1, pp. 37–42, 
2010. 
[159] D. A. Dikin et al., “Preparation and characterization of graphene oxide paper,” 
Nature, vol. 448, no. 7152, p. 457, 2007. 
[160] H. Kim and W. J. Kim, “Photothermally controlled gene delivery by reduced 
graphene oxide–polyethylenimine nanocomposite,” Small, vol. 10, no. 1, pp. 117–126, 
2014. 
[161] A. Buchsteiner, A. Lerf, and J. Pieper, “Water dynamics in graphite oxide 
investigated with neutron scattering,” J. Phys. Chem. B, vol. 110, no. 45, pp. 22328–
22338, 2006. 
[162] D. R. Dreyer, A. D. Todd, and C. W. Bielawski, “Harnessing the chemistry of 
graphene oxide,” Chem. Soc. Rev., vol. 43, no. 15, pp. 5288–5301, 2014. 
[163] S. Stankovich et al., “Synthesis of graphene-based nanosheets via chemical 
reduction of exfoliated graphite oxide,” carbon, vol. 45, no. 7, pp. 1558–1565, 2007. 
[164] G. Wang, B. Wang, J. Park, J. Yang, X. Shen, and J. Yao, “Synthesis of 
enhanced hydrophilic and hydrophobic graphene oxide nanosheets by a solvothermal 
method,” Carbon, vol. 47, no. 1, pp. 68–72, 2009. 
[165] J.-H. Choi, J. Jegal, and W.-N. Kim, “Fabrication and characterization of multi-
walled carbon nanotubes/polymer blend membrane,” J. Membr. Sci., vol. 284, no. 1–2, 
pp. 406–415, 2006. 
References 
135 
[166] A. E. Yaroshchuk, “Dielectric exclusion of ions from membrane,” Adv. Colloid 
Interface Sci., vol. 85, no. 2–3, pp. 193–230, 2000. 
[167] R. Mukherjee, P. Bhunia, and S. De, “Impact of graphene oxide on removal of 
heavy metals using mixed matrix membrane,” Chem. Eng. J., vol. 292, pp. 284–297, 
2016. 
[168] T. Makhetha and R. Moutloali, “Antifouling properties of Cu (tpa)@ GO/PES 
composite membrane and selective dye rejection,” J. Membr. Sci., vol. 554, pp. 195–
210, 2018. 
[169] A. Bauer, W. Kirby, J. C. Sherris, and M. Turck, “Antibiotic susceptibility testing by 
a standardized single disk method,” Am. J. Clin. Pathol., vol. 45, no. 4_ts, pp. 493–496, 
1966. 
[170] M. Hombach, R. Zbinden, and E. C. Böttger, “Standardisation of disk diffusion 
results for antibiotic susceptibility testing using the sirscan automated zone reader,” 
BMC Microbiol., vol. 13, no. 1, p. 225, 2013. 
[171] R. D. Langfield, F. J. Scarano, M. E. Heitzman, M. Kondo, G. B. Hammond, and 
C. C. Neto, “Use of a modified microplate bioassay method to investigate antibacterial 
activity in the Peruvian medicinal plant Peperomia galioides,” J. Ethnopharmacol., vol. 
94, no. 2–3, pp. 279–281, 2004. 
[172] N. Ncube, A. Afolayan, and A. Okoh, “Assessment techniques of antimicrobial 
properties of natural compounds of plant origin: current methods and future trends,” Afr. 
J. Biotechnol., vol. 7, no. 12, 2008. 
[173] P. Cos, A. J. Vlietinck, D. V. Berghe, and L. Maes, “Anti-infective potential of 
natural products: how to develop a stronger in vitro ‘proof-of-concept,’” J. 
Ethnopharmacol., vol. 106, no. 3, pp. 290–302, 2006. 
[174] F. Salie, P. Eagles, and H. Leng, “Preliminary antimicrobial screening of four 
South African Asteraceae species,” J. Ethnopharmacol., vol. 52, no. 1, pp. 27–33, 1996. 
References 
136 
[175] Ö. Bariş et al., “Biological activities of the essential oil and methanol extract of 
Achillea biebersteinii Afan.(Asteraceae),” Turk. J. Biol., vol. 30, no. 2, pp. 65–73, 2006. 
[176] T. T. Cushnie and A. J. Lamb, “Antimicrobial activity of flavonoids,” Int. J. 
Antimicrob. Agents, vol. 26, no. 5, pp. 343–356, 2005. 
[177] G. H. Talbot, J. Bradley, J. E. Edwards Jr, D. Gilbert, M. Scheld, and J. G. Bartlett, 
“Bad bugs need drugs: an update on the development pipeline from the Antimicrobial 
Availability Task Force of the Infectious Diseases Society of America,” Clin. Infect. Dis., 
vol. 42, no. 5, pp. 657–668, 2006. 
[178] H. Giamarellou, “Multidrug-resistant Gram-negative bacteria: how to treat and for 
how long,” Int. J. Antimicrob. Agents, vol. 36, pp. S50–S54, 2010. 
[179] B. P. Marasini et al., “Evaluation of antibacterial activity of some traditionally used 
medicinal plants against human pathogenic bacteria,” BioMed Res. Int., vol. 2015, 2015. 
[180] M. C. P. I. Khan, Current Trends in Coleus Aromaticus: An Important Medicinal 
Plant. Booktango, 2013. 
[181] B. Zheng et al., “Genome sequencing and genomic characterization of a 
tigecycline-resistant Klebsiella pneumoniae strain isolated from the bile samples of a 
cholangiocarcinoma patient,” Gut Pathog., vol. 6, no. 1, p. 40, 2014. 
[182] S. E. Cosgrove et al., “Initial low-dose gentamicin for Staphylococcus aureus 
bacteremia and endocarditis is nephrotoxic,” Clin. Infect. Dis., vol. 48, no. 6, pp. 713–
721, 2009. 
[183] J. Kluytmans, A. Van Belkum, and H. Verbrugh, “Nasal carriage of 
Staphylococcus aureus: epidemiology, underlying mechanisms, and associated risks.,” 
Clin. Microbiol. Rev., vol. 10, no. 3, pp. 505–520, 1997. 
[184] A. N. Neely and M. P. Maley, “Survival of enterococci and staphylococci on 
hospital fabrics and plastic,” J. Clin. Microbiol., vol. 38, no. 2, pp. 724–726, 2000. 
References 
137 
[185] X. Zhang et al., “Graphene oxide-based polymeric membrane for broad water 
pollutant removal,” RSC Adv., vol. 5, no. 122, pp. 100651–100662, 2015. 
[186] S. Suresh and C. Arunseshan, “Dielectric properties of cadmium selenide (CdSe) 
nanoparticles synthesized by solvothermal method,” Appl. Nanosci., vol. 4, no. 2, pp. 
179–184, 2014. 
[187] C. M. Simonescu, “Application of FTIR spectroscopy in environmental studies,” in 
Advanced Aspects of Spectroscopy, InTech, 2012. 
[188] S. S. Sambaza, “Fabrication of novel pei-based antimicrobial metal-organic 
nanocomposite for the treatment of wastewater,” 2016. 
[189] N. Hamid et al., “Morphological and separation performance study of 
polysulfone/titanium dioxide (PSF/TiO2) ultrafiltration membrane for humic acid 
removal,” Desalination, vol. 273, no. 1, pp. 85–92, 2011. 
[190] M. Safarpour, V. Vatanpour, and A. Khataee, “Preparation and characterization of 
graphene oxide/TiO2 blended PES nanofiltration membrane with improved antifouling 
and separation performance,” Desalination, vol. 393, pp. 65–78, 2016. 
[191] J. Wang and B. Chen, “Adsorption and coadsorption of organic pollutants and a 
heavy metal by graphene oxide and reduced graphene materials,” Chem. Eng. J., vol. 
281, pp. 379–388, 2015. 
[192] Y. Zhu et al., “Graphene and graphene oxide: synthesis, properties, and 
applications,” Adv. Mater., vol. 22, no. 35, pp. 3906–3924, 2010. 
[193] L. Cui et al., “EDTA functionalized magnetic graphene oxide for removal of Pb (II), 
Hg (II) and Cu (II) in water treatment: Adsorption mechanism and separation property,” 
Chem. Eng. J., vol. 281, pp. 1–10, 2015. 
[194] T. Bala, B. Prasad, M. Sastry, M. U. Kahaly, and U. V. Waghmare, “Interaction of 
different metal ions with carboxylic acid group: a quantitative study,” J. Phys. Chem. A, 
vol. 111, no. 28, pp. 6183–6190, 2007. 
References 
138 
[195] R. Mukherjee, P. Bhunia, and S. De, “Impact of graphene oxide on removal of 
heavy metals using mixed matrix membrane,” Chem. Eng. J., vol. 292, pp. 284–297, 
2016. 
[196] H. M. Hegab and L. Zou, “Graphene oxide-assisted membrane: fabrication and 
potential applications in desalination and water purification,” J. Membr. Sci., vol. 484, 
pp. 95–106, 2015. 
[197] J. Llanos, Á. Pérez, and P. Cañizares, “Copper recovery by polymer enhanced 
ultrafiltration (PEUF) and electrochemical regeneration,” J. Membr. Sci., vol. 323, no. 1, 
pp. 28–36, 2008. 
[198] P. Cañizares, A. de Lucas, Á. Pérez, and R. Camarillo, “Effect of polymer nature 
and hydrodynamic conditions on a process of polymer enhanced ultrafiltration,” J. 
Membr. Sci., vol. 253, no. 1–2, pp. 149–163, 2005. 
[199] M. Barakat, “New trends in removing heavy metals from industrial wastewater,” 
Arab. J. Chem., vol. 4, no. 4, pp. 361–377, 2011. 
[200] S. Chakraborty, J. Dasgupta, U. Farooq, J. Sikder, E. Drioli, and S. Curcio, 
“Experimental analysis, modeling and optimization of chromium (VI) removal from 
aqueous solutions by polymer-enhanced ultrafiltration,” J. Membr. Sci., vol. 456, pp. 
139–154, 2014. 
[201] W. Gao, “The chemistry of graphene oxide,” in Graphene oxide, Springer, 2015, 
pp. 61–95. 
[202] G. M. Geise, H. B. Park, A. C. Sagle, B. D. Freeman, and J. E. McGrath, “Water 
permeability and water/salt selectivity tradeoff in polymers for desalination,” J. Membr. 
Sci., vol. 369, no. 1–2, pp. 130–138, 2011. 
[203] D. D. Perrin, B. Dempsey, and E. P. Serjeant, pKa prediction for organic acids 
and bases, vol. 1. Springer, 1981. 
References 
139 
[204] W. Gao, “The chemistry of graphene oxide,” in Graphene oxide, Springer, 2015, 
pp. 61–95. 
[205] S. Pei, J. Zhao, J. Du, W. Ren, and H.-M. Cheng, “Direct reduction of graphene 
oxide films into highly conductive and flexible graphene films by hydrohalic acids,” 
Carbon, vol. 48, no. 15, pp. 4466–4474, 2010. 
[206] J. Song, X. Wang, and C.-T. Chang, “Preparation and characterization of 
graphene oxide,” J. Nanomater., vol. 2014, 2014. 
[207] J. Shen et al., “Fast and facile preparation of graphene oxide and reduced 
graphene oxide nanoplatelets,” Chem. Mater., vol. 21, no. 15, pp. 3514–3520, 2009. 
[208] A. Seidel, J. J. Waypa, and M. Elimelech, “Role of charge (Donnan) exclusion in 
removal of arsenic from water by a negatively charged porous nanofiltration 
membrane,” Environ. Eng. Sci., vol. 18, no. 2, pp. 105–113, 2001. 
[209] K. H. Meyer and J. Sievers, “La perméabilité des membrane I. Théorie de la 
perméabilité ionique,” Helv. Chim. Acta, vol. 19, no. 1, pp. 649–664, 1936. 
[210] D. Shriver, B. Papke, M. Ratner, R. Dupon, T. Wong, and M. Brodwin, “Structure 
and ion transport in polymer-salt complexes,” Solid State Ion., vol. 5, pp. 83–88, 1981. 
[211] G. M. Geise, D. R. Paul, and B. D. Freeman, “Fundamental water and salt 
transport properties of polymeric materials,” Prog. Polym. Sci., vol. 39, no. 1, pp. 1–42, 
2014. 
[212] L. Yu, Y. Zhang, B. Zhang, J. Liu, H. Zhang, and C. Song, “Preparation and 
characterization of HPEI-GO/PES ultrafiltration membrane with antifouling and 
antibacterial properties,” J. Membr. Sci., vol. 447, pp. 452–462, 2013. 
[213] B. Van der Bruggen, “Chemical modification of polyethersulfone nanofiltration 
membrane: a review,” J. Appl. Polym. Sci., vol. 114, no. 1, pp. 630–642, 2009. 
References 
140 
[214] B. Ganesh, A. M. Isloor, and A. F. Ismail, “Enhanced hydrophilicity and salt 
rejection study of graphene oxide-polysulfone mixed matrix membrane,” Desalination, 
vol. 313, pp. 199–207, 2013. 
[215] X. Zhang, C. Cheng, J. Zhao, L. Ma, S. Sun, and C. Zhao, “Polyethersulfone 
enwrapped graphene oxide porous particles for water treatment,” Chem. Eng. J., vol. 
215, pp. 72–81, 2013. 
[216] X. Lin et al., “Composite ultrafiltration membrane from polymer and its quaternary 
phosphonium-functionalized derivative with enhanced water flux,” J. Membr. Sci., vol. 
482, pp. 67–75, 2015. 
[217] E. M. Van Wagner, A. C. Sagle, M. M. Sharma, and B. D. Freeman, “Effect of 
crossflow testing conditions, including feed pH and continuous feed filtration, on 
commercial reverse osmosis membrane performance,” J. Membr. Sci., vol. 345, no. 1–
2, pp. 97–109, 2009. 
[218] W. Stumm and J. J. Morgan, Aquatic chemistry: chemical equilibria and rates in 
natural waters, vol. 126. John Wiley & Sons, 2012. 
[219] S. Gunatilake, “Methods of removing heavy metals from industrial wastewater,” 
Methods, vol. 1, no. 1, 2015. 
[220] R. Thomas, E. Guillen-Burrieza, and H. A. Arafat, “Pore structure control of PVDF 
membrane using a 2-stage coagulation bath phase inversion process for application in 
membrane distillation (MD),” J. Membr. Sci., vol. 452, pp. 470–480, 2014. 
[221] C. Zhao, X. Xu, J. Chen, and F. Yang, “Effect of graphene oxide concentration on 
the morphologies and antifouling properties of PVDF ultrafiltration membrane,” J. 
Environ. Chem. Eng., vol. 1, no. 3, pp. 349–354, 2013. 
[222] A. Yaroslavtsev and V. Nikonenko, “Ion-exchange membrane materials: 
properties, modification, and practical application,” Nanotechnologies Russ., vol. 4, no. 
3–4, pp. 137–159, 2009. 
References 
141 
[223] F. Gholami, S. Zinadini, A. Zinatizadeh, E. Noori, and E. Rafiee, “Preparation and 
characterization of an antifouling polyethersulfone nanofiltration membrane blended with 
graphene oxide/ag nanoparticles,” Int. J. Eng.-Trans. Basics, vol. 30, no. 10, pp. 1425–
1433, 2017. 
[224] H. Zheng et al., “Antibacterial applications of graphene oxides: structure-activity 
relationships, molecular initiating events and biosafety,” Sci. Bull., vol. 63, no. 2, pp. 
133–142, 2018. 
[225] C. Valgas, S. M. de Souza, E. F. Smânia, and A. Smânia Jr, “Screening methods 
to determine antibacterial activity of natural products,” Braz. J. Microbiol., vol. 38, no. 2, 
pp. 369–380, 2007. 
[226] F. Liu, N. A. Hashim, Y. Liu, M. M. Abed, and K. Li, “Progress in the production 
and modification of PVDF membrane,” J. Membr. Sci., vol. 375, no. 1–2, pp. 1–27, 
2011. 
[227] P. Wang and T.-S. Chung, “Recent advances in membrane distillation processes: 
Membrane development, configuration design and application exploring,” J. Membr. 
Sci., vol. 474, pp. 39–56, 2015. 
[228] J. Hester, P. Banerjee, and A. Mayes, “Preparation of protein-resistant surfaces 
on poly (vinylidene fluoride) membrane via surface segregation,” Macromolecules, vol. 
32, no. 5, pp. 1643–1650, 1999. 
[229] L. Yan, Y. S. Li, C. B. Xiang, and S. Xianda, “Effect of nano-sized Al2O3-particle 
addition on PVDF ultrafiltration membrane performance,” J. Membr. Sci., vol. 276, no. 
1–2, pp. 162–167, 2006. 
[230] A. Santos, W. Ma, and S. J. Judd, “Membrane bioreactors: two decades of 
research and implementation,” Desalination, vol. 273, no. 1, pp. 148–154, 2011. 
[231] F. Meng, S.-R. Chae, A. Drews, M. Kraume, H.-S. Shin, and F. Yang, “Recent 
advances in membrane bioreactors (MBRs): membrane fouling and membrane 
material,” Water Res., vol. 43, no. 6, pp. 1489–1512, 2009. 
References 
142 
[232] J. R. Werber, C. O. Osuji, and M. Elimelech, “Materials for next-generation 
desalination and water purification membrane,” Nat. Rev. Mater., vol. 1, no. 5, p. 16018, 
2016. 
[233] S. Xia and M. Ni, “Preparation of poly (vinylidene fluoride) membrane with 
graphene oxide addition for natural organic matter removal,” J. Membr. Sci., vol. 473, 
pp. 54–62, 2015. 
[234] K. Rambabu, N. Srivatsan, and A. V. Gurumoorthy, “Polyethersulfone–barium 
chloride blend ultrafiltration membrane for dye removal studies,” presented at the IOP 
Conference Series: Materials Science and Engineering, 2017, vol. 263, p. 032027. 
[235] D. Breite, M. Went, A. Prager, and A. Schulze, “Tailoring membrane surface 
charges: A novel study on electrostatic interactions during membrane fouling,” 
Polymers, vol. 7, no. 10, pp. 2017–2030, 2015. 
[236] C. He, Y. Hu, L. Yin, C. Tang, and C. Yin, “Effects of particle size and surface 
charge on cellular uptake and biodistribution of polymeric nanoparticles,” Biomaterials, 
vol. 31, no. 13, pp. 3657–3666, 2010. 
[237] J. M. Dickhout, J. Moreno, P. Biesheuvel, L. Boels, R. G. Lammertink, and W. M. 
de Vos, “Produced water treatment by membrane: a review from a colloidal 
perspective,” J. Colloid Interface Sci., vol. 487, pp. 523–534, 2017. 
[238] A. Zularisam, A. Ismail, and R. Salim, “Behaviours of natural organic matter in 
membrane filtration for surface water treatment—a review,” Desalination, vol. 194, no. 
1–3, pp. 211–231, 2006. 
 
 143 
APPENDIX-1 
Tables A1: Pure water, BSA flux and antifouling data of A: the unmodified and modified 
PES membrane, B: HPEI2/GO@PES and AgNPs/HPEI2/GO@PES membrane, and C: 
the unmodified and modified PVDF membrane 
(A) 
Membrane Wpwf Wpwf2 Wbsa FRR Rt Rir Rr 
Identity 
 
L/m
2
h L/m
2
h L/m
2
h (%) (%) (%) (%) 
P 
 
35 16 10 45 71 54 17 
P1a 
 
77 62 25 80 67 19 48 
p1b 
 
90 77 34 85 62 12 50 
p1c 
 
120 108 50 90 58 16 52 
P2a 
 
55 40 27 73 51 27 24 
P2b 
 
70 53 33 76 53 24 29 
P2c 
 
89 70 40 79 55 21 34 
P3a 
 
51 38 20 75 61 25 35 
P3b 
 
56 45 25 80 55 20 36 
P3c 
 
54 50 23 78 64 22 42 
 
(B) 
Membrane Wpwf Wpwf2 Wbsa FRR Rt Rr Rir 
Identity 
 
L/m
2
h L/m
2
h L/m
2
h (%) (%) (%) (%) 
P1 
 
58 45 30 78 48 22 26 
P2 
 
71 60 35 85 51 15 35 
P3 
 
82 72 33 88 60 12 48 
P4 
 
40 29 15 73 63 28 35 
P5 
 
45 32 17 72 62 29 33 
P6 
 
50 37 16 74 68 26 42 
 
(C) 
Membrane  Wpwf Wpwf2 Wbsa FRR Rt Rir Rr 
Identity 
 
L/m
2
h L/m
2
h L/m
2
h (%) (%) (%) (%) 
PV 
 
42 20 11 48 74 53 21 
PV1 
 
95 76 33 80 65 20 45 
PV2 
 
115 98 45 85 61 15 46 
PV3 
 
150 140 63 93 56 7 51 
PV4 
 
79 58 38 74 60 27 33 
PV5 
 
97 81 42 83 57 17 40 
PV6 
 
102 89 47 87 54 13 41 
PV7 
 
60 42 20 70 67 30 37 
PV8 
 
68 46 20 68 71 32 39 
PV9 
 
80 56 26 71 67 30 37 
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Table A2: Water uptake data of A: the unmodified and modified PES membrane, B: 
HPEI2/GO@PES and AgNPs/HPEI2/GO@PES membrane, and C: the unmodified and 
modified PVDF membrane 
(A) 
Membrane Weight of dry Weight of wet Water uptake 
Identity 
 
Membrane (mg) Membrane (mg) Ws (%) 
 P 
 
0.06 
 
0.17 
 
65 
 P1a 
 
0.06 
 
0.23 
 
74 
 p1b 
 
0.06 
 
0.24 
 
75 
 p1c 
 
0.05 
 
0.21 
 
76 
 P2a 
 
0.03 
 
0.10 
 
70 
 P2b 
 
0.04 
 
0.13 
 
69 
 P2c 
 
0.06 
 
0.20 
 
70 
 P3a 
 
0.05 
 
0.16 
 
69 
 P3b 
 
0.04 
 
0.13 
 
69 
 P3c 
 
0.05 
 
0.15 
 
68 
  
(B) 
Membrane Weight of dry Weight of wet Water uptake 
Identity 
 
Membrane (mg) Membrane (mg) Ws (%) 
 P1 
 
0.04 
 
0.14 
 
71  
P2 
 
0.05 
 
0.15 
 
69   
P3 
 
0.06 
 
0.21 
 
71   
P4 
 
0.05 
 
0.15 
 
67   
P5 
 
0.04 
 
0.12 
 
67   
P6 
 
0.05 
 
0.11 
 
64   
 
(C) 
Membrane Weight of dry Weight of wet Water uptake   
Identity 
 
Membrane (mg) Membrane (mg) Ws (%)   
PV 
 
0.05 
 
0.11 
 
63 
 PV1 
 
0.04 
 
0.21 
 
80 
 PV2 
 
0.03 
 
0.18 
 
83 
 PV3 
 
0.05 
 
0.33 
 
85 
 PV4 
 
0.03 
 
0.11 
 
73 
 PV5 
 
0.06 
 
0.24 
 
75 
 PV6 
 
0.05 
 
0.23 
 
78 
 PV7 
 
0.05 
 
0.18 
 
72 
 PV8 
 
0.07 
 
0.28 
 
75 
 PV9 
 
0.08 
 
0.33 
 
75 
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Table A3: Rejection data of organic dyes by A: unmodified and modified PES 
membrane, B: unmodified and modified PVDF membrane 
 (A)         PES         
Membrane Initial Final REJ Initial Final REJ Initial Final REJ 
Identity conc. conc. (%) conc. conc. (%) conc. conc. (%) 
  
Methylene blue 
 
Amaranth 
 
Congo red 
p 30.84 3.05 90 28.63 5.36 81 48.76 2.03 96 
P1a 
 
1.81 94 
 
4.71 84 
 
1.16 98 
p1b 
 
1.74 94 
 
8.74 70 
 
1.03 98 
p1c 
 
1.71 94 
 
11.61 60 
 
1.97 96 
P2a 
 
1.74 94 
 
7.23 75 
 
1.31 98 
P2b 
 
0.97 96 
 
7.83 73 
 
1.99 96 
P2c 
 
0.91 97 
 
8.33 71 
 
1.88 96 
P3a 
 
2.73 91 
 
7.28 75 
 
1.23 97 
P3b 
 
2.31 93 
 
8.51 70 
 
1.56 97 
P3c 
 
2.33 93 
 
9.89 65 
 
1.23 97 
 
 (B) 
    
PVDF 
   
  
Membrane Initial Final REJ Initial Final REJ Initial Final REJ 
Identity conc. conc. (%) conc. conc. (%) conc. conc. (%) 
  
Methylene blue 
  
Amaranth 
  
Congo red 
PV 30.84 8.01 74 28.63 8.06 72 48.76 4.33 91 
PV1 
 
6.29 80 
 
7.86 73 
 
3.99 92 
PV2 
 
8.11 74 
 
8.75 69 
 
3.67 92 
PV3 
 
8.37 73 
 
8.95 68 
 
5.03 90 
PV4 
 
4.55 85 
 
9.56 67 
 
5.01 90 
PV5 
 
4.25 86 
 
11.58 60 
 
5.41 89 
PV6 
 
4.83 84 
 
14.08 51 
 
5.51 89 
PV7 
 
6.23 80 
 
8.94 69 
 
4.71 90 
PV8 
 
5.53 82 
 
11.86 59 
 
4.33 91 
PV9 
 
6.23 80 
 
11.26 61 
 
4.91 90 
 
